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Abstract  

i n  c c a l  have been used, a more r e l i a b l e  and independent method is  
i?-.edsci t o  c o r r e l a t e  and check the  r e s u l t s  obtained i n  var ious  labora-  
Lor i e s .  T n i s  paper p re sen t s  a new method for t he  determinat ion of 
q-ciroxyl groups i n  c o a l  based on the  formation of t r i m e t h y l s i l y l  e the r s ,  
R03i(CH3)3, by t r e a t i n g  coa l  with hexamethyldis i lazane,  (CH3)3SiNHSi(CHs)S 
and t r ime thy lch lo ros i l ane ,  (CH3)3SiCl, i n  pyr id ine  at  about 115°C. The 
r e s u l t i n g  de r iva t ivek  a r e  analyzed f o r  s i l i c o n  t o  c a l c u l a t e  t he  hydroxyl 
cor,tent i n  the  coa l  samples. Experiments on model compounds have shown 
t n a t  hydroxycarbonyl compounds and even h ignly  hindered phenols (2,6-di-  
t -bu tg lpnenol )  form t r i m e t h y l s i l y l  e t h e r s  q u a n t i t a t i v e l y  under r e a c t i o n  
cona i t ions .  

Although a number rtf methods f o r  determining hydroxyl groups 
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In t roduc t ion  

Although a number of methods have been used f o r  dstermining 
hydroxyl groups i n  c o a l s , y  a more r e l i a b l e  and independent mechod i s  
needed f o r  c o r r e l a t i n g  and checking the  r e s u l t s  of  va r ious  l a b o r a t o r i e s .  
This  paper p r e s e n t s  prel iminary work on t h e  determinat ion of hydroxyl 
groups i n  coa l  by the  formation of t h e i r  t r i m e t h y l s i l y l  e t h e r s .  Tne 
method appears t o  o f f e r  an e x c e l l e n t  way f o r  determining t h e  hydroxyl 
content  of c o a l s  as w e l l  a s  providing a means f o r  i n t roduc ing  a pro- 
t e c t i v e  group which i s  e a s i l y  removed. , 

Work i n  these  l a b o r a t o r i e s  has shown that  hexamethyldi- 
s i l a z a n e  (I) r e a c t s  q u a n t i t a t i v e l y  wi th  hydroxyl groups, i nc lua ing  
even t h e  most hindered ones, according t o  the. f o l l o w i r !  equat ion (1): 

2ROH i- (CH3)~SiNHSi(CH3)3 - 2ROSi(CH3)3 + NH3. 

I I1 

The r e s u l t i n g  t r i m e t h y l s i l y l  e t h e r  (11) i s  thermally s t a b l e  and 
r e s i s t a n t  t o  ox ida t ion .  The s t a r t i n g  compound, .however, i s  e a s i l y  
recovered from t h e  e t h e r  by hydro lys i s .  

T h i s  reagent  was f irst  used f o r  q u a n t i t a t i v e  determinat ion 
of hydroxylated compounds i n  the a n a l y s i s  of mixtures  of Fischer-  
Tropsch a lcohols ,  by mass-spectrometric a n a l y s i s  of t h e i r  t r imethyl-  
s i l y l  e t h e r s  (2) .  
the  o r i g i n a l  a l coho l  mixtures.  Reaction between t h e s e  a l i p n a t i c  
a l coho l s  and reagent  (I) was rap id .  and q u a n t i t a t i v e .  

prompted an i n v e s t i g a t i o n  i n t o  i t s  use f o r  hydroxyl groups p re sen t  i n  
hydrogen-bonded hydroxycarbonyl compounds such a s  1,5-dihydroxyanthra- 
quinone (111). Hydrogen-bonded quinone groupings such as a r e  found i n  
t h i s  compound have been pos tu l a t ed  t o  e x i s t  a l s o  i n  c o a l  (3,4).  T n i s  
compound i s  repor t ed  t o  form a dimethyl e t h e r  only under r a t h e r  severe 

The mixture of e t h e r s  was more e a s i l y  analyzed than 

The r e a c t i o n  was equa l ly  adaptable  t o  simple phenols; t h i s  

r /  For a review of these  methods, see r e fe rence  6. 
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reaction conditions (5); i.e., when its dipotassium salt is heated with 
dimethyl sulfate at 140°C. It forms a bis(trimethylsily1)ether (IV) 
readily on refluxing in hexamethyldisilazane; the reaction is essentially 
quantitative. 

H (CH3 )3Si, 
\ 

0 . o  & + (CH3)3SiNHSi(CH3)3 - i- MI3 

0, 0 
H Si (CHs 3 

I11 IV 

The related 1,4- and 1,8-dihydroxyanthraquinones (V, VI) as 
well as the hydrogen-bonded keto-phenol, 2,4-dihydroxyacetophenone 
(VII), also react readily to form trimethylsilyl ethers. 

V VI VI1 

The conpoun? 6,1l-dihydroxynaphthacene-9,10-quinone (VIII), which is 
similar to 1,4-dihydroxyanthraquinone, was found to acetylate to the 
extent of only 10 percent, and metnylate to the extent of 5 percent (6). 

H\ 
__- 

/ 

O P H 
VI11 ,-- 

t Further work has demonstrated that a highly-hindered phenol, 
2,6-di-t-butylphenol (IX), reacts quantitatively with hexamethyl- 
disilazane in the presence of  trimethylchlorosilane and pyridine to 
form a stable trimethylsilyl ether (X) which can be used as a derivative 
of  the phenol. 

-- 
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i Reported attempts t o  form o the r  d e r i v a t i v e s  of t h i s  hindersd 
’phenol ind ica te  t h a t  it i s  necessary t o  form the sodium sa l t  i n  l i q u i d  
!ammonia f i r s t  before any reac t ion  w i l l  take place ( 7 ) .  

I represents  a convenient and quan t i t a t ive  method f o r  tne formation of 

Thus, even i n  
the  case of a hindered phenol, r eac t ion  with hexametnyldisilazane 

a de r iva t ive ,  

s tances  were d i s t i l l e d  off  under vacuum, leaving 2.6 5 .  o f  s o l i d  
which was r ec rys t a l l i zed  from petroleum e the r  (b.p.  60-68). The 
orange crysjials,  m.p. 138-142Oc. , had an in f r a red  spectrum with 
absorpt ion bands at  8.0, 9.45, 11.80, and 13.25,.’2, a l l  o f  wnicn have 
been found t o  be common t o  phenyl t r i rne thy l s i ly l  e the r s .  I n  addi t ion,  

The same procedure has been appl ied t o  a s e r i e s  of coals ,  
I w i t h  the formation of the t r i rne thyls i ly l  e t h e r s  of  the  hydroxyl groups 

i n  the  coa ls .  The der iva t ives  have been analyzed f o r  s i l i c o n  t o  
ca lcu la te  the percentage of hydroxyl i n  the  o r i g i n a l  coal .  

I Experimental Procedures and Results 

’ Preparat ion of Tr imetnyls i ly i  Ether  of 1 , 5-Dihydroxyanthraquinone 

1 Preparat ion of Tr imethyls i ly l  Ethers of Other Hydrogen-bonded Hydrcxy- 
carbonyl Compounds 

By the same procedure der iva t ives  were prepared from 1,8- I 1 dihydroxyanthraquinone, lJ4-dihydrox.yanthraquinone and 2,4-dihydroxy- 

I der iva t ives ,  Figures 2 and 3, showed the  same changes i n  spec t r a  which 
I were noted i n  the case of  the lJ5-dihydroxyanthraquinone. 

acetophenone. The in f r a red  spec t ra  of t h e  l a s t  two compounds and t h e i r  
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Preparation of Trimethylsilyl Ether of 2,6-di-t-butylphenol 

hours with 5 r n l .  of hexarnethyldi'silazane and 10 ml. of trimethylchloroL 
silane in 25 ml. of dry pyridine. Ammonium chloride sublimed into the 
condenser and the color of  the solution changed from pale yellow to 
light pink during refluxing. 
distilled o f f  under vacuum, leaving 10.3 g. of straw-colored crystals 
wnich were recrystallized from petroleum ether (b.p. 60-68") .  A 
second recrystallization gave colorless crystals of m.p. 109-110"C. 

Calcd. for C17K30Si0 C, 73.31; H, 10.86 
Found C, 73.30; H, 13.90. 

The infrared spectrum showed the complete disappearance of 
tne hydroxyl band at 2.9/Ccand bands appeared at 8.0, 9-59 11.8, and 
13.25pas in the other phenyl trimethylsilyl ethers. There were also 
other changes in the spectrum due to skeletal vibrations. The spectra 
are shoum in Figure 4. 

Unsuccessful attempts were made to prepare this trimethyl- 
s l J ~ l  ether with hexamethyldisilazane and trimethylchlorosilane with- 
OUL pyridine, trimethylchlorosilane and pyridine without hexamethyl- 
disilazane, and hexamethyldisilazane and pyridine with 0nJ.y a drop of 
trim2thylchlorosilane as catalyst; a trace of ether was fnund in the 
last case. 

Formtion of Trimethylsilyl Ethers of Coal Hydrogenation Asphaltene 

A 10 g. sample of 2,6-di-t-butylphenol was refluxed for 24 

Solvent and unreacted reagents were 

i- 
>-- 

To 20 ml. of hexamethyldisilazane was added 1.0 g. of coal 
hydrogenation asphaltene and one drop of trimethylchlorosilane. Tne 
solution was refluxed under nitrogen for 3 days, and then the reagents 
;:ere distilled o f f  under vacuum. As the dry residue was somewhat 
soluble in neptane, it could not be washed. Instead, the product was 
vacuum oven-dried to constant weight. Infrared analysis indicated 
that essentially all hydroxyl groups had reacted. 

Ha 7.00; N, 1.15; 0, 6.60. 

to a hydroxyl content equivalent to 64% of the oxygen present in the 
original aspnaltene . 

Analysis of asphhtene before treatment: 

The treated asphaltene contained 6.21$-silicon, corresponding 

C, 85.25; 

Formation of Trimethylsilyl'Ethers of Coals 

Reflux method. A 5 g. sample of the coal, ground to -325 
mesh and dried t o  constant weight in a vacuum oven, was refluxed under 
nitrogen in a solution of 5 m l .  of trimethylchlorosilane and 10 ml. 

. of hexamethyldisilazane in 50 m l .  of dry pyridine.. "Gcept wnere noted 
(Table 2), the reflux period vias 4 days. At the end of this time, the 
reagents were distilled off  under vacuum. The reacted coal was washed 
with petroleum ether (b.p. 60-68") to remove the last traces of reagents 
and dried in a vacuum oven. Original ultimate analyses, silicon 
determinations, and qalculated percentages of hydroxyl in the coals, 
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based on the  uptake of s i l i con ,  a r e  shown i n  Table 1. Some of t h e  
da ta  a re  a l s o  shown i n  Figures  5 and 6. 

P re t r ea t ing  coa l  (Bruceton anthraxylon)  with boi l ing  water 
had no e f f e c t  on r;he determinable hydroxyl content  (Table 1). 

I; 
i; 
'I 

\ 

t -  

I 

; 
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I n  more recent  work r e f l u x  per iods  from 1 hour t o  8 days 
were t r i e d  on one coal .  A s  shown i n  Table 2, the r eac t ion  was 
e s s e n t i a l l y  complete afr;er only 1 hour. 
the  metilod was prec ise  t o  2 3% of the  oxygen content, based on the  
weiglit of t o t a l  oxygen i n  the  moisture- and ash-free coal.  

With t h i s  coa l  (14.5$ 0 )  

Table 2 .  - Zffec t  of time on formation of t r i m e t h y l s i l y l  
e t h e r s  i n  coal  from Hocking #b bed, Athens, Ohio. 

Time, S i l i c o n  i n  Oxygen as OH i n  OoH , z 
hours t r e a t e d  coal ,  $ o r i g i n a l  coal ,  $ Otota l  

1 8.08 5-07 35.0 
4 ~ 7.97 4.97 34.3 
24 8.35 5.33 36.8 
96 7.90 4.60 31.8 - 
96 7.57 4.91 33.9 
- 192 8.57 5.43 -- 37.5 

Average . 8.07' 5.05 34.9 

r 

Bomb method. I n  a small s t a i n l e s s  s t e e l  bomb (volume, 70 ml.) 
4.861 g .  of Bruceton anthraxylon, 5 ml. each of t r imethylcnlorosi lane 

f o r  5 hours. Tae product was t r e a t e d  as i n  t h e  r e f l u x  method. Resul ts  
a re  included i n  Table 1. 

, and hexamethyldisilazane, and 17 m l .  of pyridine were heated t o  150°C. 

A s  the  bomb method a t  e leva ted  temperature d id  not increase 
the number o f  t r i m e t h y l s i l y l  groups introduced i n t o  Bruceton anthraxylon, 
it showed t h a t  the  r eac t ion  had been r ap id ly  completed a t  r e f lux  
temperature i n  pyr id ine .  

S i l i con  Analysis 

followed by treatment of res idues with hydrof luor ic  ac id  t o  v o l a t i l i z e  
s i l i con .  The analyses ,  done i n  dupl icate ,  checked t o  within 2 O.l$. 

S i l i c o n  was determined by peroxide bomb fus ion  of the samples, 

---. -. 



. . . . ,- . . _ _  - . - . .  . .. 

Discussion 

A recent  a r t i c l e  by Blom, Edelhausen, and Van Krevelen (6) 
reviews the var ious methods used f o r  determining hydroxyl groups i n  
coals .  The unce r t a in t i e s  i n  each of these methods indicace the need 
f o r  a more r e l i a b l e  method. Methylation by methyl s u l f a t e  i n  base (8) 
and by diazomethane (6)  gives  low values, presunibly clue co  incomplete 
react ion.  Ion-exchange, with barium hydroxide ( 9 )  may .give r i s e  c o  
hydrolysis  products and appears t o  s u f f e r  because of i naccess ib i l i t y  
i n  high-rank coals .  Potentiometric t i t r a t i o n  i n  etnylenediamine (10, 
11) determines not only the  ac id i c  hydroxyl, but a l s o  sucn groups as 
quinones and ac id i c  non-hydroxylic hydrogen; t h i s  method i s  a l so  
d i f f i c u l t  t o  reproduce. Different  procedures have been t r i e d  f o r  
ace ty la t ion  as wel l  as for est imat ing the  extent  o f  reac t ion  ( 6 ,  12, 
13, 14); each worker has reported d i f f e r e n t  values f o r  s imi l a r  r a m  
coals .  The sources of these va r i a t ions  i n  r e s u l t s  a r e  s t i l l  unex2lained. 

Comparison of the  da t a  i n  Table 1 and Figures 5 and 6 with 
published values showe the present  ones t o  be nigner  tnan tnose found 
by methylation (6, 8), lower than those found by ace ty l a t ion  (6) and 
ion-exchange (g), and similar t o  those determined by t i t r a t i o n  (10, 11) 
and ace ty la t ion  (12, 13, 14). Most of the  o ther  methods a r e  indirecl;, 
and e i t h e r  known s ide  reac t ions  or d i f f i c u l t i e s  i n  completing the 
reac t ion  throw doubt on the  r e l i a b i l i t y  of the r e s u l t s .  On the  other  
hand, the  present  method i s  easy and d i r e c t ,  has no known side reac t ions ,  
and i s  complete even'where o ther  reagents  f a i l  a l toge tner .  

may ind ica te  tha t - few highly hindered phenolic groups, such as i n  
2,6-di-t-butylphenol, a r e  present ,  s ince t h i s  phenol required 24 nours 
f o r  complete reac t ion .  

As concerns the s t ruc tu re  of coal ,  the  ease o f  e t h e r  formation 
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Sorption of Polar VaTapors on E las t i c  Wall Gels 

Paul f i g a s s i .  and George Ostapchenko 
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/ From an investigation of t he  kinet ics  of methanol sorption on 
coal, a new.sorption isotherm has been derived of t h e  form, 

1 

K, p*c  n 

z =  ( I  4 t f q p * - / ) 4 ( / - c )  
r ,  

In  these equations, hie is the sorption usually expressed a s  moles of 
sorbed v a p r  per gram of solid,  c is t he  r e l a t ive  pressure of the 
vapor and po is  the vapor pressure af t h e  l i qu i f i ed  vapor at  t h e  tern- 
perature i n  question. The equation has three adjustable parameters; 
A, K ,  and K l .  

The equation has been applied t o  the sorption of polar vapors by 
Tie equation proteins, nylon and other  gels of the e l a s t i c  h a l l  type. 

agrees with experiment,over a range of r e l a t ive  pressures from 0 . 1 t o  
0.9, and also accounts f o r  t he  effect  of temperature changes. 

Since the equation was developed on t h e  assumption t h a t  surface 
adsorption i s  negligible r e l a t ive  t o  i n t e r i o r  absorption, it would appear 
t h a t  sorption of polar vapors by e l a s t i c  wal l  g e l s  of the protein and 
polysaccharide i s  m i n l y  a solution process. 

I '  
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Sorption of Polar Vapors on Elastic W a l l  Gels 
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Coal Research Laboratory, Dept. of Chemistry 
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sumnary ,,. -_ i 

&om an-.'investigation of the kinetics of methanol sorption on c o d ,  a 
new sorption isotherm has been derived of the form, 

In these equations, We i s  the sorption usually expressed as7 moles of sorbed vapor 
per gram of solid,  c i s  the re la t ive  pressure of the vapor and p" is the vapor 
pressure of the l iquefied vapor a t  the temperature i n  question. 
has three adjustable paramters ,  A, K, and K1. 

proteins, nylon and other gels of the e l a s t i c  wall type. 
w i t h  experiment over a range of re la t ive  pressures from 0.1 to 0.9 and also 
accounts fo r  the e f fec t  of temperature changes. 

The equation 

The equation has been applied to the sorption of polar vapors by 
The equation agrees 

Since the equation was developed on the assumption t h a t  surface ad- 
sorption is negligible re la t ive  to  in t e r io r  absorption, it would appear t h a t  
sorption of polar vapors by e l a s t i c  wall gels  of the protein and polysaccharide 
types i s  mainly a solution process. 

Introduction 

Recent ldne t ic  investigations made i n  t h i s  laboratory on the sorption 
of gaseous rethanol by coal(1) and cellulose(2) have shown t h z t  both coal and 

1. P. Fugassi, G. Ostapchenko, and R. Trammell, Fuel 
2. P. Fugassi and G. Ostapchenko, 

cellulose follow the sam r a t e  equation, 

In  t h i s  equation I? is the weight of alcohol taken up by one gram of solid a t  
time t, We i s  the corresponding weight a t  i n f in i t e  time, t i s  t h e  time and kx 
is the experimental velocity constar?t. 
l i t e r a tu re  and unpublished data from t h i s  laboratory it appears that a r a t e  
equation of this form would be expected i f  the gas is a polar compound and i f  the 
so l id  is  an e l a s t i c  wall gel composed of oxygen containing compounds. 

involves the fraction of surface sites holding two methanol molecules per site 
a d  from t h i s  f a c t  the adsorption of methanol on the surface of cellulose i s  

................................................................................ 

................................................................................ 
w = 44% We'P 

f + & w e t  

On the basis of fragmentary data i n  +he 

For methanol sorption on cellulose the experimental velocity constant 



2 

known to bs of the multilayer type. 
holding two mzthanol molecules gave a new sorption equilibrium isotherm of the 

The depmdence of k, upon the surface sites 

following type. 
(0 be.. A W E  

I t W Z  

In equation 1. 1% i s  of so l id  a t  some 

i 
l! 

'i fixed temperature, A is a Eonstant being moles of i n t e r io r  sites per gram of 
so l id ,  and K i s  a dimensionless equilibrium constant. In  equation 2, Kl is an 
equilibrium constant (atm.-l) for  the adsorption of methanol on surface sites, 
p" i s  the vapor pressure (atm.) of the l iquefied vapor a t  the temperature i n  

'\ 

') 

I 
\ 

question, and c is the r e l a t ive  pressure of the vapor. 

The mechanism which leads t o  these equations i s  tha t  vapor i s  rapidly 
i adsorbed on the surface sites and then adsorbed molecules slowly migrate from the 

surface in to  the so l id  phase. 

The to t a l  amount of vapor held by the so l id  i s  obviously the sum of two terms; 
i Equation 1 rea l ly  gives the amount of vapor dissolved i n  the solid.  

I the adsorption on the surface and the absorption i n  the in te r ior .  Thus, 
(We ) to t a l  il (We ) in te r ior  + (we )surface 

For the t o t a l  amount of vapor held by the solid,  which is the experimental 
quantity measured, the f u l l  equation is ,  \ (  

(Vdel+ ,a  A K E  t afk) (31 
I f  W E  

In equation 3, B, represents moles of surface sites per ='am of solid.  

m e  nature of f ( c )  i s  not completely known. If f ( c )  is E , the full  
i s  r ea l ly  the equation would have four parameters; A, By K 1  and K. 

BZT equation fo r  an i n f in i t e  number of layers and approaches inf in i ty  a s  c ap- 
proaches 1. FGr t h i s  reason f ( c )  must be a modified BET equation where adsorption 
i s  res t r ic ted  t o  n layers. The use of a modified BET equation introduces f ive  
parameters and t h i s  number of parameters i s  meaningless when o n l y  equilibrium data 
ara  available. 
one of the parameters. However such data are not available fo r  most of the 
systems t o  be discussed here. 

However, \ 

Kinetic data i f  available would permit independent evaluation of 
l 

- 

I 

\ 

In applying the fhl equation (3) t o  the data i n  the l i t e r a tu re  the 
assumption wi l l  be made tha t  B approaches zero. 
t ha t  i n  the case of methanol sorption on cellulose t h i s  assumption is valid. 

than ten percent of the t o t a l  weight of methanol held by the cellulose. 
an assumption of t h i s  type would be expected t o  e f f ec t  the behavior of the equation 
a t  lorr values of c. AccordmgLy the discussion which follows uses the pa r t id l  
equation (1) and is  limited t o  a range of re la t ive \pressures  from 0.1 t o  higher 
values. Equation 1 will be applied t o  some of the data availzble in the l i t e r a tu re  
on the sorption of polar molecules by e l a s t i c  w a l l  gel's. 

Zxperimentally there i s  evidence 

I In th is  case,the amount of methanol adsorption on the surface appears t o  be l e s s  
However 

? 

I 
Sorption of Water by Proteins 
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equation up to re la t ive  pressures of 0.li-O.S excepting s u n  where two d i f fe ren t  
s e t s  o f  constants i n  the BET equation were required. 
the new equation shows tha t  the experimental data are followed up t o  re la t ive  
pressures o f  0.9 or greater, 
of We f o r  the sorption of water on wool are given i n  Table I. 

In general application of 

A comparison o f  experimental and cdlculated..ralues 

Table 2 
Calculated and Zxperimental Values We - Water on Wool 

0 3  2.36 moles/gram 2.06 moles/gram -0.3 mole s/gram 
0.2 3 .L7 3.56 +O -09 
0.3 4.57 b.54 -0.03 
0.5 6.35 6.38 +0.03 
0.7 8.67 8 .n +O.OL 
0.9 12.52 12 .&6 -0.06 

As previously mentioned the use of equation 3 would give be t te r  agreement a t  low 
values os c. 

- 
we (cdlc. - expt.) 

C x 103 (expt.) - we x Id (calc.) - 

Quation 1 has three parameters; A, K, and I$. A tabulation of the 
values of these parameters for the sorption o f  water on various proteins is 
given in Table 11. 

Table I1 

Protein K , A (moles sites/gram) - - 25'C. IrO'C. 
0.0155 m - 

Wool 173.18 X 0 2  m 3 3  iZi36 
Salmin 228.23 155.70 -.0052 -.0232 .a334 . l e 9  
GelaiAn 280.32 89.22 .2500 ,3286 .0289 ,0239 
Collagen 315.56 85.0L .21r73 .3057 .0317 .0273 
-Lactoglobulin 182.67 7l.99 .2117 .2l57 .02bO .0225 

Silk 213.53 80.03 .2772 3038 .0127 .0113 
C-Zein 305.67 ll4.72 .18h2 .2L01 .Ou8 All8 
B-Zein 283.lr7 132.86 .2308 2363 .0128 .Oils 

reaction, HpO(g) + S d S  . "0. In t h i s  equation S'represents surface sites. 
It w i l l  be noted that K 1  always decreases as temperature increases. 
of reaction associated with the change i n  K1  can be calculated by conventional 
methods. 
range from 9,hOO to 16,200 cdl. -permole excluding sal&, and the average value 
is about 12,000 cal. per mole. 
proteics are very similar as  would be guessed from the i r  similar chemical 
composition. 

f3 (crystals)  

The values of the equilibrium constant, K i n  Table I1 are for  the 

The heat 

When this is done it is f o y d  tha t  the calculated heats of reaction 

It appears t ha t  the surface sites on various 

The values of K i n  Table I1 are fo r  the reaction, A20 (surface) + I) e D . H20. Here D represents interfar sites. An increase i n  temperature 
gives an increase i n  K. However the change'is not great so t ha t  the heat of  
reaction is close to zero o r  i n  the  extreme case about 3,000 c d .  per mole 
endothermic. 
The behavior of s d ? n  is s ta ted  by Bull(3) t o  be d i f fe ren t  from tha t  of the 
other proteins. 

The values of IC for  salinin are negative which is an impossibility. . 

Salmin dissolves a t  a re la t ive  pressure of 0.7 and while f o r  

... . -  . .  -.._ . .  
. . .,- . i . 

~..., ,-:- ' 
. . 

- .  

.. . ..-. 
-~ .. . .  . . /  

,- 
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the other proteins the BET equation i s  followed t o  a re la t ive  pressure of 0.5, 
for salmin two BET equations are needed. Pauling(4) suggested thal; fo r  salmin 

4. L. Pauling, J. Am. Chem. S O ~ . ,  67, 555 (191rS) 
the nunber of sites increased with increasing sorption of nater.  
values fo r  K could e i ther  be blamed on experimental e r r o r s  i n  which case the t rue 
Value of K i s  a s m a l l  posi t ive nmber or  a modifi?d sorption equilibrium isotherm 
must be used. From experience with the equation s m a l l  values of K represent ad- 
sorption on a non-porous so l id  as will be shotm l a t e r .  
experimental error  i s  the cause of the negative value f o r  K. 
second possibi l i ty  seems more probable. 

................................................................................ 

................................................................................ 
The negative 

It i s  improbable that 
Consequently the 

In the derivation of the sorption equilibrium isotherm where K is the 

, and 

These formulations f o r  D and D . H 0 are equivalent t o  

equilibrium constant of the reaction, H20(surface) + D e D  . H20 
assumed t h a t  the effective concentrations t o  be used were E ’, 0’- 9) $ for  adsorbed water, enpty i n t e r i o r  sites (I)), and f i l l e d  in te r ior  sites 
( 
the  as$x;ption t h a t  the number of sites i s  independent of tge amount of sdsorption 
as found e,xperimentally fo r  the sorption of xaethanol by cellulose. If the Pauling 
suggestion i s  adopted t h a t  the nuiiber of i n t e r i o r  sites per gram increases as 
sorption increases then the effect ive concentration of unoccupied sites should 
be given by 
expressed a s&$  where i s  an adjustable parameter then the resul t ing values 
of K for  salmin are posit ive and the equation f o r  the scrption equilibrium isotherm 
becomes, 

it was 

. H 0 respectively. 

1 - 4 Cf($) . The nature of f@) is  unknown but if f[td) is 

1 4 -  apz(/- 4) 
To date only one example, t h a t  of salmin, has been found where K is negative 
with c? o and un t i l  other examples are found it seems unnecessary to  intro-  
duce the additional parameter, ,. 

/ The values of A, which i s  moles of i n t e r i o r  (D) sites per gram of so l id  
sfiiow a s m a l l  d%crease with increzse i n  temperature. 
change i n  A fo r  a 15 degree temperature in te rva l  is  of the order of 20%. 
average change i n  A i s  about half  of this .  
be independent of temperature or  change s l i g h t l y  with the temperature. 

Excluding salmln the m a x i m u m  
The 

It would be anticipated tha t  A would 

- _  > 

I n  discussing Bull’s results, Pauling (h)  correlated the nmber of 
water molecules held i n  t h e  f i r s t  layer as calculated f ro3  the BET equation with 
the nunibeqof polar side groups present XI the protein chain and found approxi- 
mately a one t o  one correspondence. Taking Pauline’s values f o r  the moles of 
polar side groups per gra3 of protein and dividing these values in to  the pre- 
viously l i s t e d  values f o r  A, r a t i o s  are obtained ranging fron 3 t o  5 .  These 
r a t i o s  are interpreted as meaqing t h a t  each polar s ide group introduces sup- 
f i c i e n t  disorder i n t o  a protein l a t t i c e  t h a t  3 t o  5; water molecules are held i n  
these disordered regions. Vith tinis modification the mechanism o f  the sorption 
of polar molecules by proteins a s  deduced from the new isotherm is essent ia l ly  
ident ical  with the concepts of B u l l  and Pauling. 

‘‘ :.,I Sorption of Polar Molecules by Nylon 

Nylon i s  a condensation polymer of the polypeptide type with no polar 
In  Table I11 are l i s t e d  the values of A, K, and K1 cdcula ted  f o r  side groups. 

the sorption of various polar vapors on Nylon 66. 
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Ref. Vapor - 7 

3 5 0  
3 
3 n 
3 n 
5 n 
5 
5 
5 c2 CN 

Table III 
Sorption of PoE7i'apors on Nylon 66 
state T ~1 (atan.-l) K A (moles sites/gram) - 

Unstretched 2 9 C .  0.T184 0.00688 
n IrO 27.63 0.3336 0 .00551 

Stretched 25 95.56 0.3n7 0.00473 
n 40 31.a 0.4235 O.OOhl7 

n 

n 30.15 0.2797 0 . 0 0 ~ 6  

? LO 32.65 0.1825 r 0.0075ll 
, 25 12 -66 0 . ~ 2 8  0.014l2 

n 25 22.96 0.22Iro 0.00695 

25 . 
/ --------,,--------------------------.-------------------------------------------- 

5 .  J. A. Cutler and A. I). KcLaren, Tappi, 2, b23 (1953) 
-----________c---___-------------------~---------------------------------------- 

For the results i n  Table 111 it w i l l  be noted t h a t  the sorption-of 
water by nylon is much l e s s  than the sorption of watcr by proteins as indicated 
by the l o m r  values fo r  A. 
known from other evidence t h a t  nylon has a high degree of order or a low degree 
of disorder. 
chain length of the nylon polymer is much smaller than the t  in natural  polymers. 
Each chain end can be considered as a disturbance center i n  the v i c in i ty  of which 
disorder m u s t  occur. The molecular weights of the par t icu lar  nylon samples are 
not knom but if the chains have an average mo ecular weight of 10,OCO then the 

the protein data it appears t ha t  each polar side group o r  one disturbance center 
furnishes sorption sites fo r  5 molecules Sf water. If we use the same assmiption, 
the value of A f o r  nylon would be 3 x 10' sites per grm i n  comparison with +he 
experimental value of 4 to 5 x 10- 
quire an average molecular weight for nylon of 2,000 t o  2,500. 

The lower values f o r  A for nylon indicate as is 

Part  of the disorder i n  nylon m u s t  a r i se  from the f a c t  that  the 

number of disturbance centers would be 2 x 10- t-  centers per  gram of nylon. From 

sites per gram. Exact agreement would re- 

In  the disordered regions complete hydrogen bonding between adjacent 
chains has not taken place. Sorption is probably limited to  such regions as it 
is unlikely t h a t  molecules of any vapor can permeate any region having high 
order. As shown from the data i n  Table 111, stretched nylon has lower disorder 
than the unstretched material. 

It is in te res t ing  to note tha t  the values of A vary with the nature of 
the vapor undergoing sorption. 
CH30H, C2H OH, and C2H5CN. 
i n  moleculL s ize  i n  going from CH3OH t o  C2H,&W. In other words a l l  types of  
disordered regions are present ranging from ose which can only be permeated by 
CH OH t o  those sufficiently disarranged to accommodate a l l  polar molecules whose 
s i i e  is equal t o  o r  l e s s  than t h a t  of the C2H5CN molecule. Although H20 as a 
small molecule Mould be expected t o  permeate as many disordered regions as any 
other molecule nevertheless the A values indicate tha t  it is  not a s  good as 
GH OH but i s  be t t e r  than C H OH. The reason for this discrepancy is not h o r n  
buz it may involve the f a d  &at  the H20 molecule can be considered multifunc- 
t iona l  With respec+, t o  hydrogen bonding if .the spacial  configuration is just 
right.  

The value of A decreases i n  going down the series;  
This change i n  A is probably caused by the increase 

Sorption\of Fsthanol on Various Polymers , \  

The sorption of methanol on c o d  and other natural  polymers has been 
under investigation i n  t h i s  laboratory for several years. 
sorption equilibrium isotherm. 
Table IV. 

These data f i t  the 
The values of A, K, and K1 are tabulated in 
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Ref. 
2 
- 

I t  

I1 

6 

1 
1 
1 

It 

Table IV 
Sorption of H 3 t m  Natural Polymers - Solid K (atm -1) K ii (moles si.t;Ss/gram) 

Cotton l i n t e r s  30'c. dit;r;- 0.7572 0.00261 
35 

KincaidLignita 45; b.13 0.5229 0 . 0 9 m  
16.0b 0.9037 0.00648 Wyoming Coal Il5 

F'ittsb-urgh Coal 30 . 21.61 l.89U 0.00170 
n n 35 29 .55; 1 .l859 0.00172 
H N 32.00 1.1700 0 .00180 40 

13.60 0,6505 0.00265; 
n n 45 9.91 0 S844 0.00264 

The so l ids  i n  Table IV have been l i s t e d  i n  order of decreasing oxygen 
Cellulose i s  considered a pre,yrsor of coal and if cellulose is  con- contsnt. 

sidered a s  the lowest rank coal having zero geologic age, then the solids are 
l i s t e d  i n  order of increasing rank. It Kill be noted tha t  A has a t  first a low 
value, r i s e s  t o  a high value and then decreases. 

~ is  due t o  high order being present. With increasing age and ran& order is de- 
stroyed and simultaneously oxygen content decreases. 
Pittsburgh Seain coal is not duz to  order but a r i s e s  fron the small amount of 
oqygen containing gel present i n  the coal. 
of K1 increase as temperature increases. 

The low value of A fo r  cellulose 

The low values of A fo r  

For Pittsburgh Seam coal the values 
This is the only system for  which this 

behavior has been found. < 
Other +terns -- 

Data are i n  the l i t e r a tu re  fo r  a wide var ie ty  of possible canbinations 

The sorption equilibrium isotherm has been applied t o  
such as polar and non-polar gases on non-porous solids,  polar compounds on porous, 
i ne l a s t i c  w a l l  gels, etc.  
such systems althotgh t h e  properties of these systems are not in agreement with 
those.assumed for  the deri-Jation of the equation. It is found tha t  the experi- 
mental data can be f i t t e d  t o  re la t ive  pressures of 0.9. 
data - given i n  Table V. 

A tabulation of these 

I S  

Table V 
Values of Parameters foF: Various Systems 

- 
7 Ref. Adsorbent A d s o r E t e  T - V J - - - i T  A (moles sites/gram) 

0.00112 
0.00093 

7 Charcoal n-caproic acid-H20 2 y C .  
It n-amyl alcohol-H20 68.8 0.5221 

It n o.ooll.2 phenol-!-120 27.3 0.7W6 
-78' 336.6 0.0282 0.0003& 

I1 1398.5 0.0161 0.00052 8 Ag 

11 
0.3E39 

II I1 

-------------------------------------------------------------------------------- 
7. R. S. Hanson, Y. Fu, and F. E. B a r t e l l ,  J. Phy. Chem., 53, 769 (1949) 
8. 3. T. Davis, Jr.; T. W. De'tlitt, P. H. Emmett, J. Phy. CGm., 2, 1232 (1947) ................................................................................ 

I 
i. 
fr' 

. For such systems the .equation m u s t  be considered as empirical. Ag is 
a non-porous so l id  and has a low value fo r  A. 
creases K 1  (n C4H10 r e l a t ive  t o  C H C ~ ~ F ) .  

Increased polar i ty  of the gas in- 
While the sorption equilibrium isotherm 
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m u s t  be considered as empirical for these systems, it is possible that such an 
equation might be valid for non-porous solids if the surface i s  heterogeneous 
and camposed of  two types of sites having properties similar t o  the S and D 
sites postulated for e?.astic wall ge l s .  I ,  

t 

\\ 
J 

.- 
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The Kinetic9of the Sorption of Methanol on Cellulose 

Paul E'ugassi and George Ostapchenko 

Coal Research Laboratory, Dept. of Chemistry, 
Carnegie Ins t i t u t e  of Technology, Pittsburgh 13, Pa. 

The sorption of gaseous nethanol on cellulose has been studied a t  
30, 35, and 45°C. 
activation energy of 5,7m c a l  per mole. 
process is suggested involving adsorption of methanol on the surface 
follow&i by permeation of the sol id  by methanol molecules. 
data require t h a t  the surface adsorption be of the d t i l a y e r  type. 
From the kinet ic  data a new sorption equilibrium isotherm is derived 
which fits the  experimental @uilibrium data over the e n t i r e  pressure 
range studied, from a r e l a t ive  pressure of 0.1 to a r e l a t ive  pressure 
of 0.9. 
of t e r t i a r y  butyl'alcohol on cellulose it is  shown that most of the 
methanol held by Fe$l&se is dissolved in t h e  cellulose. 

The process follows a second order equation and bas an 
A mechanism for t h e  sorption 

The kinet ic  

From this equation and f r o m  equilibrium data for t h e  adsorption 
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S m a r y  

The sorption of gaseous methvlol on cellulose has been stxdied a t  30, 
35, and 45°C. 
energy of 5,700 cal. pos mole. 
gested involving adsorption of methanol on the surface followed by permeation 
of the so l id  by methanol molecules. 
adsorption be of the multilayer type. 
equilibrium isotherm i s  derived which f i t s  the experimental equilibriam data 
over the en t i r e  press'we range studied, from a r a l a t ive  pressure of 0.1 t o  a 
re la t ive  pressure of 0.9. 
of tertiary butyl-alcohol on cellulose it is shown t h a t  most of the methanol 
held by c e l l h o s e  i s  dissolved i n  the cellulose. 

The process follows a second order equation and has an activation 
A mechanism fo r  the sorption process i s  sug- 

The k ine t ic  da ta  require tha t  the surface 
From t h e  k ine t ic  data a new sorption 

fiom this equation and from data f o r  the adsorption 

Introduction 

For the sorption of methanol on coal, it was found tha t  the weight of 
mothanol taken up a t  time t a t  some constant pressure and a t  constant temperature 
was given by the equation 7. 

,>' 
i- 

w = & x  wc't 
I t jcx we t 

In t h i s  equation W i s  the weight of methanol held by one gram o f  coal a t  time t, 
k 
h&d by one grarn ^of coal a t  the given temperature and pressure. 
velocity constant, k,, was found t o  be independent of the pressure over a con- 
siderable range of  pressure and hence i s  a true ve loc i ty  constant i n  the sense 
tha t  it i s  a function of the temperature only. 

i s  the experimental veloci%y constant, and !Je is the maximuin weight of alcohol 
The experimental 

Limited data i n  the l i t e r a tu re  appeared t o  show t h a t  the same equation 
was valid fo r  the sorption of polar gases on e l a s t i c  w a l l  ge l s  such as cellulose. 
As cellulose i s  considered one of the precursors of coal it was thought desirable 
t o  investigate t h e  kinetics of methanol sorption on celiulose in de ta i l .  

I Experimental 

Apparatus: 
using a iCci)ain-Bakr type adsorption balance. 
wire and had a sens i t iv i ty  of 1.57 milligrams per millimeter extension. 
lengths were maswed by a cathetometer t o  0.1 mm. 

f b  

The sorption of ne+hanol on cellulose was measured gravimetrically, 
The spring was made of Ni-Span-C 

Spring 
The sample, i n  the form of 

fibers, was carried i n  a glass bucket weighing around 200 milligrams. 
weights were about 300 m i l l i g r a m s .  

Sample 
The apparatus consisted of the balance, a - 
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Z - l i t e r  f l a sk  to add suf f ic ien t  volume to the system so that during sorption ex- 
periments the methanol pressure did not vary more than 1 mm. Hg., a Hg manoneter, 
and a storage f l a s k  fo r  the methanol. lkrcury sealed sto?cocks were used through- 
out. The pumping system was a two-stage Hg diffusion pump backed by a mechanical 
pmp. The en t i re  apparatus was housed in an a i r  thermostat whose temperature coul 
be held t o  S . l o C .  

Chemicals: Absolute aethanol, Mallinckrodt A.R. was used a s  received. 
stored over Drieri te.  
nas prepared f o r  us by the Hercules Powder Co. 
NaOH solution, bleached with C12 and then washed Kith d i s t i l l e d  water. 
treatment of the material was made except t h a t  bafore the start of kinetic ex- 
periments a cellulose sarople, a f t e r  evacuation t o  constant weight, was allowed 
t o  remain i n  contact with methaqol vapor f o r  s e v e r d  days. 
methanol on cellulose i s  isothermally reversible;  evacuation of the system always 
caused the cellulose to return to a weight prac t ica l ly  identical. with the s t a r t i ng  
weight. 

Prucedure: 
s t an t  weight, methanol vapor was admitted t o  the system and readings of the spring 
length taken a t  various times. 
making no correction f o r  buoyancy which can be shorn t o  be negligible or f o r  
adsorption of methanol on the glass bucket and spring. Experiments using an 
empty bucket showed that methanol adsorption on the g lass  bucket and the metal 
spring could be neglected up t o  re la t ive  pressures as high as 0.9. The funda- 
mental data, then, are weights a t  known time in te rva ls  including the equilibrium 
weights characterist ic of each pressure. 

I t  was 
Tertiary butanol was r ed i s t i l l ed .  The sample of cellulose 

Cotton l i n t e r s  were washed with 
No further 

The sorption of 

After evacuation of the system u n t i l  the cellulose sample showed con- 

The spring lengths were converted in to  w i g h t s  

Calculation of Vzlocity Constants / - I  
\ \  

From-the experimental data, a value of the f r ac t ion  o f  thewf'e_acl$m, 
f, could be calculated for  each value of the time. 

where-Wo is the sample weight a t  time, t a 0, 11% is the m i  t a t  t = t, and $le 
i s  the equilibrium weight a t  time t = w .  

against the  time giving s t ra ight  l i nes  through the origin. 
s t ra ight  l i n e  is %We and since We i s  measured fo r  each pressure and teniperature 
k, can be calculated. 
passed through the origin. 
l e a s t  80% of the equilibrium sorption was attained. A t  low pressures, c = 0.1, 
experimental points corresponding t o  the i n i t i a l  stages of the reaction were 
above the s t ra ight  l ine .  This behavior w i l l  be discussed later. 

Ekperimentdl %a 

f is defined as t 

was plotted l-f The value of 

The slope cf t h i s  

In  general, points f e l l  on a s t r a igh t  l i n e  and the l i n e  
In all experiments readings were taken un t i l  a t  

The experimental values of 4 and We are tabulated in Table I. 

k 
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Table I ' 

'A 

'\ 

I 

/ 

T ("C.1 

30 

- 

35 

&5 

.J 

0.a9h 5.0 x Id 
0.700 16.3 11 

0.500 19.2 " 
0.306 7.9 It 

0.125 2 e 5  " 
0.N.18 16.4 " 
0.669 21.4 
0 A86 29.0 " 
0.268 13.0 It 

0 3.9 1.9 It 

0.863 9.3 I' 

0 -697 . 26.7 
0 .It91 31.0 
0.29& 13.1 It 

0 .e88 1.9 

1 . de (moles C H 3 g  
me cellulose 
2i.6 x 1o"L- 
13.6 It 

10.0 It 

5.3 
21.1 I' 

17.3 
12.9 
8.8 It 

5.1 It 

21.2 " 
16.9 It 

13.1 It 

18.1 11 

8.8 
4.5 

It t r i l l  be noted that  the value of the experimental veloci ty  constant passes through 
a maximum a s  the relat ive pressure, c, decreases. 

Since a true velocity constant, k, must be a function of temperakre 
only, the experimental velocity constant, kx, m u s t  be equal t o  k multiplied by 
some function of the relat ive pressme, c. 
t h a t  a n e c h d s m  of the process be formulated. Even such an operation docs not  
i n s u r e  t ha t  k i s  actually known because both velocity constants and equilibrium 
constants hats a similar dependence on temperature. 
equilibrium data are needed t o  make sure tha t  the term k i s  r ea l ly  not k m u l t i -  
pl ied by an equilibrium constant. 

Separation o f  k from k, requires 

In other words, independent 

It Kill be necessary t o  anticipate the discussion of the mcchanism for 
the sorption process t o  be given l a t e r .  It is  postulated i n  br ief  t h a t  the 
n?echabism of the sorption process i s  a tiro-step process, 
experimentally and t h e o r e t i c a y  t o  be rapid, is  the adsorption of methanol 
molecules on the surface of the cellulose. The second step, which determines 
the reaction rate as the slower step, i s  the migration o f  methanol from the sur- 
face in to  the in t e r io r .  
the simplest case 

where $ is  the experimental velocity constant, k is the t rue velocity constant 
and 8. i s  the fract ion of the surface sites covered. 

The first step, known 

From this type of a mechanism it i s  necessary tha t  i n  

A x =  he-  

Now the surface adsorption of methanol on cellulose can be of two types: 
monomolecular with one methanol molecule on one sits or  polymolecular xrith more 
than one methanol molecule on one site. 
m u i r  adsorption isotherm holds and it can be shown t h a t  e increases a s  c increases 
f o r  a l l  values of c. 
a m;ucimun a s  c iccreases. 
cellulose cannot-be monornolecular. 
ternative,  the surface adsorption a t  a given temperature will be shorn t o  be given 
by the equation 

For monomolecular adsorption, the Lang- 

Since k, goes through a maximw,%likevise must go through 
Consequently the surface adsorption of rrethanol on 

For polymolecular adsorption, the only al-  
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In  this e q u a t i o n e i s  the fract ion of surface sites covered by n molecules and 
K1, K2 =e equilibrium constants whose significance w i l l  be discussed l a t e r .  
i s  the relat ive pressure arid po, the vapor pressure of methanol a t  the temperature 
i n  question. 
Insertion of vdlues of one, two, or  th-ee fo r  n gives 0, I S, ~ e3. , the frac- 
t i on  of surface sites covered by one, two, or  three molecules. 
t h a t  the expression fo r  8 k c o n t a i n s  two parameters, K1 and K2. 
experiments a t  different  values of c but a t  the same temperature, k, Kl, and 82 
can be evaluated i n  turn for  0, I 0,,8j 

In figure I i s  shom a p lo t  of %%as a function of c fo r  n 1, 2, 3 ,  
&. 
kxa. kea gave the b e s t  f i t  of the experimental data. 
k e, against c. The points e the experimental points. The so l id  l ine is the 
cdculated 'line v.sing 8.1 x l8 1-5 the v d n e  ot  k (kkE 1 a t  30°C. 

1.05. These values of K2$ are suff ic ient ly  close t o  one that  these kinetic da t a  
are experimental evidence for  the correctness of the assmption, K p o  
i n  the derivation of the BET equation. 

c 

The product, cpo, i s  the pressure of r;eLktno?l vapor actually present. 

It  in11 be noted 
From three kinetic 

. 
It H a s  found t h a t  the experimental values of '5 used i n  the equation, 

Figure I1 is a p lo t  of 

The values of K evaluated a t  three temperatures are 1.07, 1.03, and 

1, made 

\ 

I 

With t h i s  assumption, the equation fo r  e2 simplifies into 
rr, +"( I  -4 e2 = 

From this equation and from the , the values of Kl and k can 
be obtained. However the values of K1 can also e obtained from the equilibrium 
isotherm and a s  the e q u i l i b r i m  measurements have the higkker'precision, it seems 
desirable to  use these values i n  calculatinn k. The values of &PO. as  evaluated 
from the equilibrium isotherm a t  30, 35, and 45°C. are 3.0, 3.6 &dZh.2 respec- 
t ively.  

moles CH30H - hours 
fo r  the three temperatures are: a t  3OoC., 8.1 x lo4; a t  35*C., 10 x l&; and a t  
&5"C., 12.7 x ld. 
5,700 ca l ,  per mole as the average energy of activation. This low value fo r  the 
energy of activation is  evidence tha t  the sorption process is physical i n  nature 

Tfie corresponding average values of k i n  units -of grams celluloss 

These values substi tuted i n  the Arrhenius equation give 

- Equilibrium Sorption Isotherm 

The full solution of the kinet ic  problem i n  closed equation form re- 
quires that  We, the  equilibrium sorption, be expressed as a function of the 
relat ive pressure, cy and the temperature, T. The kinet ic  data are in fona t ive  
and permit the derivation of an equation for the equilibrium sorption isotherm. 
The sorption o f  methanol by cellulose can be visualized a s  a two-skp process: 
1. Adsorption of methanol on the surface, and 2. Rigration of methznol from 'the 
surface in to  the in t e r io r .  
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I n  these equations G rapresents the gas molecule; S the surface sites; G-S, the 
surface sits3 holding one gas molecule; G 2 4 ,  the surface sites holding two gas 
moleclilos, e tc .  

If 6, represents the fraction of surface sites holding one molecule; 

surface si%ss holding n molecules; then the equilibrlum constants would be ex- 
pressed as 

8, , tke fraction of surfzce sites holding two molecules; e,, the fraction of 

%, 

e, 

< F r o =  

K"rO = 

; -  (1 - 6,- e; e,, )C 
. /-- 

e, c 
'Qn K ~ P ,  = - en-1 c 

where po i s  the vapor pressure of the l iqu id  and c is the re la t ive  pressure. 
-: 

Further manipulation of these ecpations requires sone simplifging as- 
swiptions connecting the eq..lilibrium constauts. 
and K2 = K3 = K,, t x o  assumptions similar t o  the ones made i n  derivation of the 
BZT equation (I), then it can be shown t h a t  

If it i s  assumed tha t  K1 > X2 
f. 

................................................................................ 
1.S. Brunauer, P. H. Emmett, and E. Teller, J. Am Chem. S O ~ . ,  60, 309 (1938) 

-----_------------_-___________________c---------------------------------------- 

I '  + (tri-kzjp8c I 

6 2  = lr L p ' L  e, 

These equations were 

&PO = 1.0. 

it was sho-m tha t  the 
kinetic data make two fac t s  obvious: 
involves more than one molecule f o r  one surface site, and 2. K2po = Kpo = 

1. The adsorption of methanol on cellulose 

. To determine the adsorption Isotherm a term,z, w 3 i l  be defined as 

= ei + 2f?; f 38-, I , . .  * .  f n Qfi 
i s  a concentration unit representing moles of adsorbed molecules for 

6.02 x 1023 occqoied sites or one mole of sites. It has been shown (1) t h a t  
8 1  ' 2 i s  given by tne equation, 

2 =  r/ - hi+) 
and using the condition tha t  K2p0 = 1 t h i s  equation reduces to z =  8-/ - - 6 p " C  

O - c ) =  . ( i f ' ~ ~ j O - , ) C ) ( L C >  

which i s  essent ia l ly  the BET equation, for multiplying 
senting moles of sites fo r  one gram of so l id  gives We, the equilibrium adsorption 
i n  moles per gram. 

by a constant repre- 

The second stage of the sorption process involves the migration of 
molecules adsorbed on the surface in to  the in te r ior .  
resented by the equation, 

This reaction can be rep- 
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D 
Site8 holding methanol molecules, the equilibrium constant, K, for the  above 

equation D represents i n t e r io r  sites. Calling C) the fraction of D 

4 %  
F b ) P  

reaction c&be writ ten as 
K =  

and solution of this equation fo r  4 gives (-J= l-fz 
T 

I t H-2 
and the amount of sorption, We, is  given by the equation 

w e =  4t-l-Z 
I +  T ' z  

where A i s  moles of i n t e r io r  sites for'one of solid.  In se t t i ng  the i a s t  
equation it hasbeen  assumed tha t  the measured equilibriuq sorption i s  the sorptior. 
on in te r ior  s i t e s  or, i n  other words, the surface adsorption contributes v e w  
l i t t l e  t o  the t o t a l  sorption. 
t h i s  assumption w i l l  be given l a t e r .  

An experimental and theore t ica l  jus t i f ica t ion  of 

It should be pointed out t ha t  the particular equation f o r  We i s  not the 
general form. The reaction involving sorption on in te rna l  sites might be, 

n cg30tl (-+) j m D F/  D h o j c ~ 3 0 ~ j , ,  
I n  a l l  cases exanined t o  date, n = m = 1. 
using 1 - C$ 
s i t e s  i s  independent of the amount of sorption. 
t ion of new sites, by expansion of the gel, then the concentration of empty 
in te rna l  s i t e s  would be of the form, (1 - 4 + f (4) ). 
experimental evidence has been found which requires the use of a site-expansion 
term. 

Furthermore it has been assmed by 
f o r  the concentration of empty i n b r n a l  s i t e s  t ha t  the nmber of 

If sorption leads t o  the forma- 

To date, no def iMte  

The sorption isotherm derived here, w h i c h  i s  

i s  an equation involving 
the equilibrium data i n  
wall gels. 
of a subsequent paper. 
systems up t o  re la t ive  pressures of 0.9 or greater. 

The extension of this equation t o  other systems w i l l  be the subject 
But it can be s ta ted  t h a t  i n  general it trill f i t  many 

The equation fits the equilibrium data fo r  methanol sorption on cellulose 
a lso  t o  0.9. 
the constants l i s t e d  i n  Table X I .  

Application of the equation t o  the methanol-cellulose system gives , 

Table I1 
Constants f o r  Nethano1 Sorption on Cellulose 

_I_- 

a K A 

n n n  
30" C . 

13.60 0.65 . 2.65 n 
n n n  

35 
45 9.91 0.58 2.64 n 

2.61 x 10-3 moles D s i t e s /  gram 

The values of K i n  Table 11, are dimensionless because E ,  used i n  K, represents 
a dimensionless quantity, the average number of adsorbed molecules held by one 
occupied surface site. It will be noted tha t  A is independent of the temperature 

. 
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BS uould be expected. K1 and h' vary i n  the normdl p m e r  the temperature, 
Psfng the equation, ~ F O =  - R r L  K , and evaluating A H  from a 

. , p lo t  of InK against the reciprocal of  the absolute temperature A?, AH and 
'AS f o r  surface adsorption (111) and f o r  i n t e r i o r  sorrjtion (K) can be evaluate-de 
These quantit ies have been tabulated in  Table III. 

1 
Table I11 

Thermodpmic Values 
,- - -- 

A S  A N  ?- 
Equilibrium Temp. c- bF 

30°C. -1610%Z/1n01e - % 8 0 ~ / m o l e  -11.5 cal.-/degree 
-11.3 
-11.4 

II n n 
n n n  

-1600 n n Surf ace 35 
K1 45 * -11150 " a 

30°C. 530 cal./mole -1830 cal./mole - 7.8 n - 7.9 Interior .. 35 11 600 a - 7.8 " X 4s 660 " 0 

n a n  
n n n  

Thermodynamic data derived f r o m  measurements over l imited temperature ranges 
would be expected t o  have low precision so t ha t  conclusions drawn fron such data 
cannot be too def in i te .  The heat of cendensation of  methanol vapor i n  the t e m -  
perature range from 30" t o  hs"C. is\known to  vary but  assuming a constant value 
over t h i s  temperature range the heat of condensation is approlcimately -8,600 
cal. per mole. The f a c t  t ha t  the value of Akf for  the i n t e r io r  sorption (9 s i t e s )  
d i f f e r s  grea t ly  fron the heat o+" condensation indicates that the in t e r io r  sorption 
cannot consist  of .a large number of methanol molecules clustered near one site. 
In general, clustering o f  methanol molecules s o  tha t  interaction of methanol 
molecules with methanol molecules takes place should lead t o  higher values of 
the hea t  of reaction for  the in t e r io r  sorption than those observed. 

'\ 

Reaction Nechanism 

Reactions 1 and 2 represent the adsorption of the gas on S (surface) 
Obviously additional reactions lezding to  the formation of species l i k e  

d l  reactions involving surface adsorption of the physical type are known 

sites. 
G3*S, G4-S are also involved but  are not necessny for explanation of the kinetic 
data. 
t o  be rapid both on theoretical and experimental grounds. 
used to  indicate tha t  these reactions are i n  equilibriunt. 

Tne aouble arrow i s  

Reaction 3 is  the slow rate-determining reaction fo r  the sorption 
A molecule from a si te of the G2'S type migrates i n to  the in t e r io r  and process. 

i s  held on %no D ( in te rna l )  sites. Two in te rna l  sites are required to  explain 



a 
the second order kinetics found experinentally. 
be discussed l a t e r .  Fieaction 
account for the r eve r s ib i l i t y  of the sorption process. 
equilibrium type reaction. 
D site, which is indicated to be the case from the previously derived sorption 
isotherm. 

The nature of these sites w i l l  
is the reverse of reac+;ion 3 and is necessary t c  

Reaction 5 is a rapid 
It is  postulated to  have one G molecule held on one 

Using W to be W - W o r  the increase i n  weight a t  time, t, and We to 
be W o o  - W, or  the increzse d? m i g h t  a t  i n f i n i t e  time, the d i f fe ren t ia l  equation 
for  the process is, 

W Since f ,  the f'raction of reaction, is -, th is  equation can be arra-ged to give 
We 

Let B designate the term, krZBI , Introduction of B gives 

which on integration and substi tution of-limits gives, 

Unfortunately, t h i s  equation i s  d i f f i c u l t  to  handle n h e r i c a l l p  because of the 
appearance of B i n  the In term.  However, the experimental data indicate, t h a t  
a t  higher pressures corresponding t o  higher values of  c ,  B becornes smaller since 
e*/e. is l/c. If B can approach a s m a l l  number then the d i f f e ren t i a l  equation 

which on integration and substi tution of limits give 

This l a t t e r  

the f u l l  equation should be used. For single experiments it has been shown t h a t  
the experimental data f i t  the f u l l  equation using the trial and e r ro r  mthod f o r  
the evaluation of B. 
the region for which the experimental precision of the apparatus is low. 
the reason fo r  l imiting the experimental work t o  the region, c 7 0 ,  / . 

It w i l l  be noted tha t  the da ta  suggest only G2*S species on the surface 
furnish G molecules for the in t e r io r  sites. 
other types of surface species such as G-S and G 'S are not involved i n  the reac- 
tion. 
firmly on the S (surface) site than on the ? ( in te rna l )  site. The standard f ree  
energy differences a t  30°C. for  the reactions G+ S ~2 G * S  and G f D 2 G-.c  
are about -1600 and -450 cal. per mole, or a difference of 1150 cal.  Two reasons 
can be advvlced f o r  the r e l a t ive ly  l i t t l e  pmt ic ipa t ion  of G 0s 
the adsorption reaction. I n  the first place the f rac t ions  02 .&ace, -9, , e+L , 
occupied by each type are re la ted  by the equation, 

rate constants se t t ing  .hj QL. 
= R ,  , The experimental work indicates t h a t  at low pressures ( c  = 0.1) 

However, the low pressure region from c = 0 t o  c = 0.1is  
This is 

The question naturally asked is why 

3 For the G'S configuration it appears t ha t  the G molecule is  held more 

*S species i n  



9 

and except a t  high values of c, the re la t ive  concentrations of G3.s and higher 
species are low. See Figure I. 
m r i c  materials need not, a s  i n  the case of metals, be r e s t r i c t e a  t o  areas 
essentiall.y equal t o  the area occupied by an atom, 
on cellulose could be much la rger  than the area of a single atom. 
Could be visualized in  the case of methanol adsorption on celldose,  as cooperative 
and hence adjacent functions groups such as h y d r o g l .  
orientation o f  tAe surface units is  o f  importance and the d i f fe ren t  types of 
s i t e s  correapond t o  adsorption on a heterogeneous surface. 
t h a t  gaseous methanol nolecules cannot penetrate the c rys ta l l ine  l a t t i c e  of 
cellulose and there such a l a t t i c e  i s  present on the surface, adsorption on such 
crys ta l l ine  sites w i l l  not lead  d i rec t ly  to sorption on the i n t s r i o r  sitss. 

In the s3cond place the adsorption sites on pol;F- 

The area of the surface sites 
Such sites 

If %his i s  tr;le t!!en the 

It is very probable 

The r eve r s ib i l i t y  of the sorption process is obviously dependent on 
the r e l a t ive  values of 8, I and e2. , which i n  turn  depend on the pressure. 
If i n  the system a t  equilibriuni the pressure of methanol is decreased, 6,approaches 
zero faster than %,, and the reverse reaction predominates. 

Desorption & p e r b e n t s  

m e  r a t e s  of desorption of methanol from cellulose have been measured 
i n  a number of experiments but with the experimental conditions used here the 
data are not s ign i f icant  and have not been reported. 
the same rate equation a s  the sorption data. 
against t. 
ments all data f i t  on such a l i ne .  However the experimental slops i s  always 
lower than l/’ile, where We has been deternuned from equilibrium measurements. 
Desorption experiments axe made under high vacuum and as  desorption is an endo- 
thermic process it is believed t h a t  i n  the present procedure the temperature o f  
the  sample i&‘ appreciably lower than t h e  thermostat temperature. 
technique m u s t  be modified i n  some manner t o  ge t  better heat transfer,  probably 
by pe l le t iz ing  the cellulose sample. 
problem is continuing. It should be mentioned tha t  in  the sorption experiments 
W as determined from the p l o t  of t/?i against t always checked the value of  We 
o%tained from equilibrium measurements t o  1% or be t te r .  
surement i s  free from thermal e f fec ts  caused by the evolution o f  heat it m s  
concluded t h a t  the sorption measurements were being made suf f ic ien t ly  close t o  
thermostat temperatures so as t o  be significant. The low energy o f  activation 
fo r  the sorption process indicates that the change i n  k with change i n  tempera- 
ture i s  about 3$ per degree i n  comparison t o  a change of greater than 61 Fer 
degree usually encountered i n  k ine t ic  work. 

The desorption data follow 
Tnis can be shown by plott ing t / W  

The slope of the s t ra ight  line should be l/We. In desorption experi- 

The present 

Experimental work on t h i s  phase o f  the 

As the equilibrium mea- 

Number of Surface S i t e s  ---- 
%e kine t ic  data indicate t h a t  the number of surface sites on cellulose 

i s  small. 
be equal to the weight of me-thanol on the surface plus the weight of methanol 
h d d  i n  the in te r ior .  The’experimental quantity is, of course, the total might .  
Kinetically, it would app’ear t h a t  the only manner i n  which the t o t a l  weight could 
follow the experimental k ine t ic  s q a t i o n s  nould be t h a t  the weight of the methanol 
held i n  the in t e r io r  i s  essent ia l ly  equal t o  the t o t a l  weight o r  t ha t  the weight 
of methanol adsorbed on the surface is s m a l l .  , 

surface sites ‘on cellulose m u s t  be s m a l l .  Sxperimental c o n f h a t i o n  of this point 
is  desirable. 

The t o t a l  weight of methanol held by cellulose a t  a given time m u s t  

If t h i s  is true, the number of 

.J 

, 



R e  adsorption of t e r t i a r y  butyl a lcohol  on cellulose has been measured 
Tertiary butyl alcohol was selected as a molecule having re lz t ive ly  a t  bS"C. 

large dimensions along the x, y, and z axis. 
alcohol by cellulose is a very slow process, and equilibrian valuewere not ob- 
tained because of the slowness of the.systern t o  come t o  equilibrium. 
procechre was adopted assuming that  surface adsorption had reached i ts  equ i l ib r im 
value i n  one hour. For non-porous so l ids  ten minutes suffices.  
sanmle was exposed f o r  ona hour t o  a h o ~ m  pressure of t e ~ t i a y  butyl alcohol and 
the increase i n  wight recorded. 
new weight increase measured f o r  a new pressure. 
cellulose sample rgturns t o  i t s  initial weight on punping s o  t ha t  thz adscrption 
is reversible. 
t o  0.8 and gave a Lan 
r a g e d  fr0x 1.h x 10-yto 7.9 x 
low values of c, these values fo r  t e r t i a r y  butyl alcohol are much smaller +&an 
those obtained with methanol (see Table I). These data are  considered experi- 
men+A evidence *,at the number of surface s i t e s  on the cellulose is small and 
tha t  most of the methanol held by the cellulose i s  dissolved in the cellulose. 

n e  sorption of b r t i a i  butyl 

The folloving 

Tie cellulose 

Tne sample vas then evacmated cverfight ar.d a 
Under these conditions, the 

kkaasurements of this type were mzde from re la t ive  pressures 0.1 
uir type isotherm. Tertiary butyl alcohol adsorptions 

7 moles alcohol per gram cellulose. Except a t  
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' ? h ~  Int*ract ion or  Crganic VaFors ::,:i?,h Coal. IT.. Tke 
I r I- w e  r s i5l.e Sorption o f  kndne s 

Cuth '?rswneil 2nd P a u l  h g e s s i  

Coal ::.eseercii iahoratory,  DepL. of Chemistry 
Carncyie h s t i t u t e  of Technology, Pitts'mirzh 12, Pa. 

-. 
73. 

.' i!ie sorption of d i f f e r e n t  aqines on coals  of  var ious ranks 
h a s  h(.m i n - e s t i p t e d .  I n  e l l  cases exainined t o  da te ,  the  s G r p  
t l o n  i s  i so t l : e rwi l :~  i r rev5rs ib le .  X.?ferent hypotheses for ex- 
p h r . z t i o n  o.? t,he i r r e v e r s i b l e  sorp-tior. are discnssed anc! it is 
co:-.cludc:i tkit t h o  :-nst, probable exTlsnat,ior! is t h e  f o r m t i o n  of 
sclv?.tes s tab i l ized  by m c  i c a l  t r a  > p i t y  of a r h c  xoiccules in 
c uile ?.. c e l  s t ruct i i re  of the coel .  l k i x r i ~ . i e ~ i t ~ l  evidenco i n  sunaort 
o f  a trci!?ped miecu1.e 

.- 
h;?;o-thesis i s  presented. 

Dept,. Cher.?iktry, Chathain College, Pittsblirgh 
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The sorption of different  amines on coals of various ranks has been 
investigated. In a l l  cases examined t o  date.the sorption is isothermally ir- 
reversible. Different hypotheses for explanation of the i r reversible  .sorption 
are discussed and it i s  concluded tha t  the most probable explanation i s  the 
formation of solvates s tabi l ized by mechanical trapping of amine molecules i n  
the gel structure of the coal. Experimental evidence in  support of a trapped 
molecule hypothesis i s  presented. 

Introduction 

Amines have been used frequently i n  extraction studies on coal. It 
has been found tha t  it i s  d i f f i c u l t  to remove the l a s t  traces of amines from both 
extract  and residue, and t h i s  behavior might be considered evidence that the 
arnines have reacted chemically w i t h  coal. 
t ion  to  study the sorption of gaseous amines on coal, to determine whether 
chemisorption has taken place, and i f  chemisorption is  involved t o  f ind  the 
nature of the functional groups i n  c o a l  responsible f o r  the chemisorption. 

Experimental 

It is  the purpose of t h i s  investiga- 

Apparatus: Sorption measurements were made gravimetrically using HcBain-Bakr 
balances. 
samples of coal could be studied a t  the same time under the same experimental 
conditions. 
The sens i t iv i t ies  of the springs ranged from 1.55 t o  2.98 m i l l i g r a m s  per  milli- 
meter extension. With  a cathetometer reading to  0.1 mm. and a sample weight of 
200 milligrams the precision of measurement nas about 0.1%. The pumping system 
was composed of a two-stage mercury diffusion pump backed by a mechanical pump. 
The system included a storage chamber for  storing the l iquid whose sorption was 
t o  be measured and a mercury manometer for reading the pressure. 
stopcocks were used for isolat ing the balance chambers and the storage chamber. 
The ent i re  apparatus was mounted i n  an air thermostat. The temperature of the 
thermostat could be varied from 35'C. to sO°C. and held a t  a given temperature 
f 0.10' for  a period of ueeks. 

The apparatus had s ix  tubes connected i n  ser ies  so tha t  six different  

The springs were made from Ni-Span-C wire, 0.00s inches i n  diameter. 

Kercury sedled 
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Che.nicds: 
2021 Research Laboratory and were farnished i n  p a r t  by the Pittsburgh-Consolidation 
Coal.:Company. 
?assage thro&i a hammer m i l l .  The s a i i l e s  thus ground were used q s i e v e d  i n  
order t o  avoid separation of the petrographic components of the coal.  
@e crepe na tura l  rubber, G3S-1502 synthe t ic  rubber, pulverized rubber-peels 
( r e c l a i m d  r i o b e r )  and hard rubber dus t  were furnished by the General Tire and 
ibdober Cospany. S a q l e s  of n a t w a l  and synthe t ic  rubber i n  the f o m  of &, 
( ~ ~ ~ d c a n i z e d )  stock were washed repeatedly with methanol. Cured (vulcanized) . 
r h b , z r  s r q l e s  were refluxed x..~th a mixture of e the r , .  toluene, and methanol. 
.A.niiyciroils D r i e r i t e  vas used as a s m p l e  of calcium su l f a t e .  
used tias a mineralogical specimen consisti.ng of s m a l l  cubes of py r i t e s  held i n  a 
ston& matrix. 

The sk ip les  of coal used xere obtained i n  p a r t  from the  stock of the 

Samples i n  the forin of coarsely-grained material  were ground by 

Samples' of 

The i ron  py r i t e s  

S o m  of the cubes were freed f rom the matrix and ground t o  provide 
i tiiz sqnple. 

Pyridine, Baker, C.P., was r e d i s t i l l e d  and s tored  ovw Ur ier i te .  Ffethyl- 
anine, EasLman, was obtained and used as  a 25% so lu t ion  i n  itrater. 
Eastiran, and' 2thylene&iakine, .$latheson, Coleman and Bel l ,  wsre r e d i s t i l l e d  before 

-use .- 2-Kethoxjet!iylaxine,- Zastnan, was received as a 56-70$ so lu t ion  i n  water; 
potassiun hydroxide vas added znd the  mixture refluxed. 
d i s t i l l e d  f r o a  the mixture and then r e d i s t i l l e d  over sodium metal. 

Ethanolamine, 
, . 

2-Methoxyethylamine was 

irocedure: 
overnizht i n  a desiccktor.. 

'. apparatxs, vrere allowed t o  stand fo r  one hour,--with an atmosphere of air present,  
t o  come t o  the thermostat temperatare. A reading of the spring length was taken. 
It was assa2ed Ynat t!ie weight o f  the sanple had not changed dL-ing the  hour 
va i t ing  period. .The next s tep  was t o  evacuate the  apparatus and t o  fol low the 
sa;.n3le m i g h t  (spring length)  u n t i l  constant weight was a t ta ined .  
were allovg,$ t o  stand i n  the vacuum f o r  a minLmum of one day although the sanples 
u s , x l l y  attalLecl constant xetght i n  shor te r  periods of time. 

VZCULE~ l i n e  and the chosen vapor adinitted t o  the' system a t  a pressure equivalent 
t o  a r e l a t i v e  nressure o f  about 0.5.. 
%ions .mtil a constant :.:ei_lght was reached. ' Usually periods of 3 t o  5 days were 
nede?  t o  ge t  coxplete adsorption aliAougli in some cases severa l  weeks exposure 
HZS recpired.  
i n  the determination-of the weight a t  eqkilibrium. 
equi1ibri:i.n weight, the system was evacuated -mt i l  the  sample c a z  again t o  a 
cons tan tke2ght .  
function of time. 
adnittcci t o  the svstem the veigtit of s m p l e  increases t o  some constant value. 
The increase i n  y:ieight is called :?e, the equjlibriuii  sorption. 
i s  evacuated t h e  might of the sample rap id ly  decreases a t  f i r s t  and then gradually 
f d l s  t o  a ccnstant.value.  For all the work described here the f i n a l  sFrple weight 
'vas always grea te r  t'rian the i n i t i a l  weight, Wo. 
completed cycle of sorp t ion  and desorption i s  ca l l ed  Yp (permanent sorp t ion) .  

The sarnples of coal were weighed out t o  0.1 mg. and allowed . to  stand 
The samples, a f t e r  being reweighed and placed i n  the 

Coal samples 

Following evacuation, the balance co;npartmznts were i so l a t ed  from the 

The samples were kept ?der these condi- . . . 

Plots  o f  veight,  !J, vs .  t i q e ,  t, made fo r . each  experiment aided 
After de-termination of the 

F igwe 1; i s  a schematic drawing of a typ ica l  p l o t  of !J as a 
l;io i s  the i n i t i a l  weight of %e sample. k f t e r  vapor has been 

When tAe system 

The increase i n  weight a f t e r  a 

q e r i m e n t a l  i lesults 

As previously mentioned, a l l  coals inves t iga ted  showed an i r r eve r s ib l e  
adsorption of amines. 
g r m  fo r  the sorption of 2-met.hoy-fethylyla?line are given i n  Table I. 

Thn values of th2 permanent sorption, Ifp, i n  moles per 
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Table 2 
Permanent Sorption of ~ h o x y e t h y l a m i n e  on Coals 

coal 35°C. 50°C. 
Pocahontas 3.7 x l&moles/gram 3.6 x l+moles/gram 
- 

k I 
\\ 

\ 

h 

Pittsburgh (Edenborn) 
Spitsbergen 
Anthracite (Pa.) , 
Cannel 
Clover Sp l in t  
I l l i n o i s  No. 6 
Vyoming 
Lignite (Kincaid) 
Brown (German) 

5.9 
5.9 
7.2 

10.5 
15.? 
19.1 
29.3 
34.6 
b1.7 

n It II 7.1 
11 It 11 . 9.2 
It II 11 6.6 

II 9.2 
11 II 11 U4.b 
I t  II II 18.3 
I t  t I  11 30.2 
It . !I 1) 36.7 
n .. 11' -. II 36 .O 

It 11 

It  I t  I t  

11. II I 

It  II 11 

I1 It I t  

II I1 It 

It II II 

n I t  It  

It 11 I 1  

I t  It 11 

I n  examining these r e s u l t s  it w i l l  be noted t h a t  f o r  the higher rank coals the 
values of W do not  p a r a l l e l  the rank. Fiowever, f o r  1oP:er rzm coals the v a h e s  
of ':Ip paralye1 the rank, increasing as the rank decreases T'e high val.ies of 

amine per gram of coa l  or  about 30% of the o r ig ina l  weight of the  d ry  c o d .  
w i l l  a l so  be noted t h a t  ?$, does not  change much as tine tenpsrature i s  changed, 
and tha t  lib does not increase o r  decrease uniformly with increase i n  t e m p r a t w e .  

h e  t enac i ty  v i t h  which amines a re  held by the coa l  even mder  prolonged 
evacuation suggests t h a t  the amine i s  chemicdly conbined with the c o d .  To check 
t h i s  hypothesis, addi t iona l  experiments were made t o  de'termirie t he  nature of the  
functional groups responsible f o r  the i r r eve r s ib l e  adsorption. 
p o s s i b i l i t i e s  were considered:\ 

1. The formation of solvat& with the inorganic cons t i tuents  present 
i n  the coal. 

2. The reac t ion  of amines with ac id ic  groups (COOH, OH) p resent  i n  the 
coal.  

3. The raac t ion  of amines with elemental sulfur i n  the coa l .  
4. The reac t ion  of amines with th ioe ther  o r  d i su l f ide  groups. 
5 .  A r eac t ion  of amines with conjugated systiens such as  C=C--OO. 
6. The formati,on of so lva tes  s t ab i l i zed  by trapping. 

for low rank coals i s  noteworthy, being around 4 x moles per  gram of coal: 
f igure corresponds t o  a permanent sorption of 0.3 grzTs of 2-rnethoxlethyl- 

It 

The follo:,%ng 

3ach of these p o s s i b i l i t i e s  w i l l  be considered i n  turn .  
\ 

Inorganic Constituents: 
coin,srise the bulk of t h i s  mineral matter are i ron  py r i t e s ,  s i l i c a t e s ,  and i r o n  
and c d c i u p  salts (1) .  Since calcium salts are  known t o  forri mnoniates thare 

1. C. a. Plarson and J. '$1. Cobb, Gas J., 171, 39 (1925) 

i s  a poss ib i l i t y  t h a t  amines form similar coinplexes. 
rrere made using fe r rous  su l f ide  ( synthe t ic ) ,  i ron  py r i t e s  (mineralogical) and 
calcium sulfate. The r e s u l t s  are tabulated i n  Table 11. 411 measurenients were 
made at  35°C. 

All  coals contain mineral matter and the compouncis which 

................................................................................ 

................................................................................ 
Several sorp t ion  experiments 

Table I1 
Sorption of Amines on Selected i.linera1 Constituents 

Amine Mineral 1% (moles/q-am) k& (moles/gry) 
Ethylenediamine FeS . 0.2 x 10-4 0.09 x 10-1 

II FeS2 0.13 , 0.13 " 
2-Me thoxye thy1 amine FeSp 0 0 

It cas04 6.6L x io-& 0.63 

Inspection of the  results i n  Table I1 shows t h a t  "p i s  e s s e n t i a l l y  zero f o r  all 
samples although We i s  l a rge  f o r  CaSOb. 
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Aci&c C-ronps: 
ooAi.,1 frer;llency i n  the i n f r a r e s  spec t ra  i s  -very  weak (2) . I t  &ay be concluded t h a t  

2.  2. A.  F r i ede l  2 d . J .  $. :&e,is,er, Anal. Chem., - 28, 22..(1956) 

the ,concentratior? of Cool! i n  coal is very 101.:. 

be of ' the tjiie 

'The ac id ic  groups i n  coal a re  probably COOH and OH. AS the C a r -  
. - __- 
________________________________________---------------------------------------- 

................................................................................ ' 

The- reaction. w i t h  mines  would 

RH(5)  t RNI-l, (71; -+ Rr21h3 R [ s )  

cons2ants involving so lu t ion  i n  wster, neut ra l iza t ion ,  e t c .  uld data  =e insuf- 
f i c i e x t  f o r  i t s  evaluation. 
fo r  the rezc t ion  involves the bas ic  clissoci.Ftion constant of tile vliina i n  water. 
h i n e s  wi5h l a rge  d issoc ia t ion  constants would be expected t o  :lave a large €: f o r  
the zbove resc+,ion and a grea te r  probzbilLty t h a t  tile sal: formed would not  be ('. 
pxn@ off ui-dsr high vacuum. ! h e  abovs f a c t  siiggests the following procedur-e:: . 
If a givnn t& of  cos1 i s  picked then treatment of t h i s  coa l  + th  a i ines  of j 
d i f f s r e n t  b a s i c i t y  should give values of ?ip p a r d l e l i n g  t o  sone extent the dist7 
soc ia t ion  csns tan t .  

:;Tne equilibriwx constant f o r  t h i s  reac t ion  i s  %he pi.:oduct of a number of equilibrium 

Homver, it, c m  be shown t h a t  the equilibrium constant 

. .7 Lxpx-inents wre  made x i t h  r i t t sburgh  Seam (Jdenborn) c o d  at. 35'C. 
.S 1,iissolved in i.rater o r  coili;ai.rling watsr. Under tilese conditions the 

coa l  sanpl--s 3 r S  sbul taneous l j r  adsorbing water and amine. 
i n  Table 111. ' 

Tie results are  sh0i.m 

Table I11 
Permanent Sorp,tion (1.1 ) of Amines .on F i t t s b k g h  Seam Coal. (35°C.) 

pK (H20-2S"C.) W (moles/gram) P Amine 
i!:e t i- t ;1aninZT?20 ' -  - 3 7  -8.3 x 10-a 
Ztlianolaxine - i120 li.3 3.9 , 11 

2 -E? thoxje klhylawine<& H20 4.6 '--' 6.0 11 

r;r idine - H20 8.6 7.0 
1 These da t a  siiow that.  X a C ' t d . l y  iilc1.e as tiis 'oasiE strci?g:,i: d.screasas or -. 
tile i-eslLli opposite tsoPtlm4; qxct,tt[.i. 
b x 
is  p n s e n t  2nd s a l t  fo rna t i sn  cannot be e l i r i h a t e s  on the bas i s  o f  insxffi 'cient 
oqfgen i n  coal.  

%action HiYn Sulfur:  h i n e s  are l a o m  t o  react.wi.th elemental s;iifw hixi ileta 
'on +,,7.  u ~ l ~  nature of the reac t ions  a-e not available.  f i though the content of.. e le -  
x m - b d  sulfur i n  coal i s  su9poseci t o  be siiial.1, .i;t seemed des i rab le  t o  do a few 
e q e r i n e n t s  on the mine-sulf  ur reac t ions .  
.mines on rhoinbic sulfix were measilred. 
> ?  bn.z smple  charges fron :fellow t o  deep orange and then  t o  black during ibe course 
o f  the sorption. 
t i iz imreacted su l fu r .  as , even a f t e r  reac t ion  periods of s ix  t o  seven. weeks, the ' 
yd1o:r color of w.re 
bilc;,:e$ c;..r7y5.j-i< 1,: ).,% 

i.Iost of t h s  soi-@tion, 75:; o r  nore, i s  i r r eve r s ib l e  and values ranging from 0.72, 
gars of amine to  0.916 gram of ajnine per g r m  of sulfur were obtsined. 
amins shobis6 the lowest ?ermanmt sorption and ethylenediamine the hi$-est 
p e r n v e n t  sor9tlon. 
ziiw par inole of s ~ d 5 x .  
high, it does n o t  seain possible t o  explain the i r r eve r s ib l e  sorption of =nines 
on coal i n  this iiianner. 

- 
o:qrgen.ccnt,ent of the coal i s  about 

Consequently a d e q a t e  oxygen moles of oxygen atoids per gram of coal. 

-- 

Accordingly the sorption of various 
' Sorption d&s occur ahd the color of 

?'he reac t ion  product appears t o  form a very t i g h t  coating over.. 

d sul.fIu-. can be seen .  through <lid bottom bf the glass 
h, ? h e  of our  experiinents have gone t o  completion. 

14ethyl- 

Sorption of ethylenediamime corresponds t o  0.5 moles of 
Unless the  elemental sulfur content of the c o d  is 

,. 
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Reaction with Sulfide or  Disulfide w: 
Present i n  coal, such bonds might r e a c t  wi+& amines. 
the sorption of 2-methoqethylanine on a series o f  k i t t sbu r& Seam coals of known 
su l fur  content was measurad. 
Hendrix, Zdznborn, Montour, 'daterman, Ir'ursglove and I-ioundsville. 
content of these coals ranged from The permanent sorption f o r  
these samples ranged fron 5.1 x lo-t t o  13.1 x IC-4 molss of amine per gram of 
Cod .  
p y r i t i c  su l fu r ,  sulfate su l fu r  o r  organic sulfur contents of the coals.  

e x p e r b e n t a l  conditions used, the sorption of 2-m.sthoxyethylmine on sa ip l e s  of 
cured and uncured rubber stocks vas measured. The d a t a  are t a b d a t e d  i n  Table I V .  

If thio-ether or d i su l f ide  bonds a re  
To check t h i s  p o s s i b i l i t y  

--- 

The coa l  samples used were from the following mines: 
The t o t a l  sulfur 

.90% t o  4.25%. 

Th= experiiiental values of Idp showed no cor re la t ion  with the t o t a l  su l fur ,  

To determine whether any reac t ion  of this type did occur under the 

Table I V  -- 
Sorption of 2-lietho~et:~ylamine on Rthber (35°C.) - -  

Rubber 3 (moles/gram) 
Pale crepe (vulcanized) 1 * 3 3  

I1 '' (unwlcanized) 0.8 x lo- 
Cas-1502 ( 4 c a n i z e d ) -  ' 0.5 x 'I 

GRS-1502 (unvulcanized) 0.L x 

Hard rubber dus t  3.8 n 

-7 Rubber pee ls  (reclaim) 1.4 x 

1 1  

The permanent sorption on a l l  samples i s  low,' As vulcanized samples contain'more 
su l fu r  than unvulcanized samples and as i n  vulcanized samples some of the sulfur 
i s  present  as th ioe ther  or d i su l f ide  bonds it, can be concluded that the r eac t ion  
between anines and sulfur l i n k s  i s  very slow a t  35°C. 

Reactions e Conjugated Systems: 
quinones. 
mild conditions. 
can bs wr i t ten  as, 

Among the compounds which undergo t h i s  reac t ion  a re  amines, alcohols, and b isu l -  
f i t e s .  The sorption of methanol on coals of various ranks has been under 
investigation i n  t h i s  la3oratory fo r  s e v e r 4  years. 
coal samples have been exposed f o r  periods of t i ne  as much as severa l  xeeks and 
a t  temperatures ranging frorll 30" t o  hs"C., all methanol sorp t ions  de"ernined t o  
da te  hzive been revers ib le  t o  be t t e r  than 1%. These data ind ica te  t h a t  tine ex- 
perimental conditions are not cor rec t  fo r  methanol addi t ion  t o  coa l  o r  t h a t  the 
concontration of conjugated systems of the  q>xLnons t ,ne i n  coal i s  very small. 
Additional expe rhen t s  have been made where samples of coa l  xere t r e a t e a  with 
liquid reagents under conditions i.?hich would be e q e c t e d  t o  lead  t o  the addi t ion  
of b i s u l f i t e s  or methanol t o  quinones. No evidence of appreciable reaction ES 

measured by increase i n  rreight of the coal sample has y e t  been obtainaa. 
these experirnents, reacting, say coal irith l i q u i d  methanol, the system i s  two- 
phased and t h i s  f a c t  might explain the sloxness of the reac t ion .  
the  da ta  a t  hand, it does appear that the concentration of quinones i n  coa l  i s  
small. 

Solvates Stzibilized by Trapping: 
unstable a t  the l o x  pressures preva i l ing  during the desorption process. However, 
such solvates might shox su f f i c i en t  s t a b i l i t y  i f  tho molecules are trapped i n  the 
ge l  s t ruc ture .  
t o  c l a th ra t e  formation found with c rys t a l l i ne  conpounds. 
are k ine t i c  apd not  equi l ibr iun  values f o r  amine sorption. 

The system of particriLar i n t e r e s t c i s  the 
hany d i f f e r e n t  reagents are known t o  r e a c t  witin quinones under r a t h e r  

If the reagent being added is  designated as RH, the reaction - 
C = C - C = O  -t R H  --3 R C - C = C - O H  

Although i n  these experrments 

I n  

On the bas i s  vf 

A s  mentioned before,  most so lva tes  would be 

On t h i s  hypothesis tile permanent sorp t ion  of amines is  analogous 
The valxes of Y hence P 
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%,IO ty-pas of exyerimentd evidence can be sought t o  support such a 
hpo%liesis.  
v o l a t i l i t y  i s  i r r eve r s ib ly  held by the  coal, then the trappcd molecule hsrpo- 
t h e s i s  appears probable. Second, o ther  polymer systeins with functional groups 
of knorm iner tness  t o  amines might be ewec ted  t o  show the same behavior. 

For an experiment of the f i r s t  type d ie thyle ther  was selected as t he  
molecule ~ahich could be considered i n e r t .  
e the r  on %voming c o d  vas measured a t  35°C. 
10 x 10-4 moles f o r  gram coal,  and while t h i s  value is  subs i an t i a l ly  l e s s  than 
XP f o r  ~2-i; lethox~etnylanine~ nevertheless e t h e r  is held by this coal very 
tenaciously. 
on t a o  natura l  polymers was measured a t  35°C.. The r e s u l t s  are tabulated i n  
Table V. 

F i r s t ,  if it can be shown that an i n e r t  ?organic molecule of high 

,J 

.\; 
kccordingl:7, the sorp t ion  o f  d i e thy l  

The value of ti f o r  e the r  vas 

<. 
For an experiment of the second type the sorption of 2-metho~&e 

2 

..d 

Table V 
Sorption of 2-Kethoq~ethylamine on Polymeric Piaterials 

w (moles/gpn) 
-'5.1 x 10-4 

Polyner . 
Cotton l i n t e r s  
Rax s i l k  10.5 " . 5.5 " 

One other piece of evidence may be c i t ed  as supporting the trapped 
molecde hypothesis. For a s e r i e s  o f  coals, was measured a t  25°C. Keeping , 
tiis sampies under high vacum, the emperatme was  changed succes- 
sively t o  40, hS and 50°C. d lor r ing  the srmik>les t o  r a i a i n  a t  each nerr temperature 
fo r  a minimuil period of 2 l ~  hours. 
as <-is temgerature increased. 
p lo t t ed  agzknst I/? 
reaction. 
tile lo i i ss t  hea t  of reaction, 1.3 k c d .  p e r  mole, and Clovsr Sp l in t  gave the 

l o w  t o  be associated with anything but  a very low order of bonding. 

Under this procedure, :$ decreased s l i g h t l y  

C f  the six coals on which this procedure was t r i e d ,  anthracite gaye 

For a given c o d ,  Ule vahes  of l o g  W when 
gave a s t r a i g h t  l i n e  whose slope i s  r e l a i ed  t o  ?he hea t  of 

'h ighes t  heab of reaction, 3.3 kcal.  per mole. These therna l  values arelmzch too 
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PRODUCTS FROI4 SULFOXLTION OF PZ'l'RO-E?b?l FSSI3K'l 
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processing of low - a v i t y  crudes a t  the Yynneirood, OlGahom re f inery  of gerr- 
HcGee Oil Lxlustries, Inc., affords asphal t  as a irzjor p r o k c t ,  .md azoong the  ajar 
e f f o r t s  of the Kerr-I&ke research g o u p  hzs been t h e  Fnt-esti,@ticn of ne:.! uces f o r  

The developxent of comerc is l ly  feasible  z&?-oo-ls ? O r  

sepzrating vacuum reduced crufie i n t o  the a s p k l t i c  coxpor?snt$ usual ly  referred t o  2s 
as$xlt2nes, res ins ,  and o i l s  afforded u.s a q l e  a?xmt<ties of t!?ose xzter i2 ls  for 
Lives t ip t ion  LQ a search f o r  nsw uses for  these su:mtancss 9s raw m t e r i a l s  i n  the 
chemical 2nd a l l i e d  isdustr ies .  

, I spha l t  and asphal t  fractions.  

c,-- I 

Q proper control of the conclitions of s e p r a t i o n  it i s  cozeiS1.-, to p-eyxre 
resinou.s f ract ions of ErqTi-nZ physical properties a s  r e f l x s e d  5y r5 .2 sy?d 'CELL 
softening point, hardness, penetration, etc. 

Although these res in  f ract ions k v s  industr-21 uses of t h e i r  0;r-5 as  ?or e:!-~le 
i n  piiizts, rubber, t i l e ,  emlsions,  en& others,  projects were u??e3,zken ?or %%e 
cheri.cz.1 zodif ics t ion of these fract ions i n  sezrch of en t i re ly  r.ew ut i l ize t ion  cf  
these coqor?ents 2s chexiczl r2T.I n t e r i a l s .  

,-' 

Thz higher zoleculer Meight f n i c t i o i s  of these res ins  a re  re la t ive ly  ~ 2 7 1 ~ :  
highly condensed rdxed aro~~tic-alip~~tic-napfithenir, S t e r i d s ,  L=rgely h./cirscz:boz 
i n  mture ,  but conbinin,o xizor percexLd,-es of sulfkr a n i  o q g i r i  a o c t  pro'czX7 
present as heterocyclic Tuxt ion.  
tedious and expensive processes it e3nezred _ _  tkt on17 s L z l e  c k e ~ . c - l  tyer tzent  or" 
the  resins  iiiiight r e s - d t  i n  desirable  chznges in th-a Fro?syties o f  thsse su3sences, 
which might.give r i se  t o  useful products. 

Vithout extellrive I'rzstionntioz bi extrezely 

Amng the reections ir?vestigzted :;ifiich did., indeed, afi'ord usei'd irter:-?di"tes 
01 eyJ procdcts 1.,2s t h z t  0: t r e z t i c g  *:&? z-ltizg r e s k  ~ ~ ~ . c . c t i c p s  -&%h e 
si;lfoi:.zting ege:its. 
volyes sulfcnstion, sQf2ti.02, ard oxidstice condsnsntion z2d i s  .;rc'w'cLy 2.p csi-plex 
as the somwhzt analogous well-!zom *LsUlr'cr.atic??lL of coel. 
a s p h d t i c  f w c t i o n s  investigated a r e  fusible  a t  (re32ti.iel.i) Lcu t eqe r ;5c res ,  5r.i 50 
i n  the  EeC'r2nkZd processing of the la t ter ,  dust  a d  1izes zrislncr I'roz gizdl.ng 
operations a r e  not l o s t  t.o ciiezie.1 processing, i nazxck  as the  dcs t  ~ 2 . i  l i r . z j  =:.c be 

,-L--UJ sf 
The course oc tl.3 re-ctioy:s I . i i t h _  these refs_!i$S 2T-ar??it:y in -  _ -  

ua::;swr, iinlike 2c-l ths ? 

' nelted, csst ,  2nd regrouil. 

A single sdfonat ion  (the terr? s~to!:nti.cn i s   we^ vitk the  Liderck.:.?i>:g t k L t  

the reactions involve6 a r e  considerab1;z zcre cox$sx tk i  i s  -iyFliel by tpAs tera; 
however, it i s  convenient t o  use th i s  ra ther  t h r ?  "co~$.ex r e e c t i o n  1:ith sulr"oreticij- 
sulfat ing a,-en+,s!' which is  w h z t  it i s  iztenr',eS ts iq?j) :&thy f o r  
concer:tl--ted ssI.fwic acld yislck, v i t h  a varlet37 of .zsp'mltic resb-ous z.teri;ls, z 
product ~ h i c h  i s  readi ly  vet bj ?rater end i r? fus ibe ,  vherecs i t  7,Cl.l ts rocog~izsd  
t h i t  the s t a r t i n g  m t e r i a l  is  essentially- h:ydrqho'oic i?. E-~Z-P 2-22 i s  rer5.i::. f.cLs& 
without nore than r h o r  decoqositio:. 
asp-haltenes) less f r i a b l e  tbxx the s b r t i n g  s t e r i a l .  
change properties, as w i l l  be seen fron the lLGjccer-icenL~l!: section. 

The s2fonated pro?uct i s  her ler  and 
It possesses poor cation ex- 

Hovever, a r e t r e a b e n t  of t h i s  product .:i-th addi t ional  s d f c n a t i r ;  
does afford products useful a s  cation-e:.rcil?.nge r a t e r i d s  opemtive in both the 



hydrogen and sodiun cycle, and of c z p c i t y  and operat-kg charac te r i s t ics  essent ia l ly  
indistinguishable f ron  comerc ia l  %uLtonnted coal11 cet ion excfienge products, with 
which the better products vere compared. . 
having s t i s f a c t o r y  ion exchange a p a c i t y ,  good physics1 s t a b i l i t y  and resis tance to 
a t t r i t i on ;  they a re  economically regenerated, a r e  f r ee  from color throw-off in the 
alkali lcetal forms and are washed free of excess regenerant with a reasonable VOlUrne 
of wash water. 

The hardness and in fus ib i l i t y  of the once sulfonated "intermediate pGoduct" led  

Thus granuLar xa te r ia l s  were pr-md 

t o  the t e s t ing  of these substances as coldng materials f o r  the preparation of an 
actimitable adsorbent char(5). It m y  be pointed out  t h a t  slow c o b g  of asphal t ic  
res in  f ract ions (resins o r  a s p k l t e n e s )  is preceded by fusion, evolution of gaseous 
pyrolysPs products u i t h  concodtant  profuse foasling u n t i l  the mzterial is we'd 
carbonized, whereupon a l i gh t  porous f r i ab le  product i s  l e f t  having essent ia l ly  no 
u t i l i t y  a s  an act ivatable  char. 
sulfonated intermediate product d e r i n b l e  from t h e  same, resinous material affords  is 
go& yield a bard granular carbon, the granules of a size e s sen t i a l ly  the sane a s  t he  
s t a r t i ng  m t e r i z l .  No fusing or  foaming occurs, and the char is readi ly  activated bs 
the  usual well-horn methods t o  give a very ac t ive  adsorbent of sat isfactory hzrdness 
characterist ics.  

On the  other hand, slow charring of a properly- 

The relat ionship of the or ig ina l  resinous nraterial t o  the "sulfonated" product 
i s  largely t h a t  of binder to base material  a s  defined by Ynrgan and Fink(7). These 
investigators c less i f ied  binders a s  substances which, on carbonization, "swell, be- 
COEE nacroporous and G e l d  a lustrous char." During the  carbonization the r a t e r i a l  
goes through a plas t ic ,  or even a l iquid stage, during which effervescence aocompany- 
i n g  the expulsion of vo la t i l e  rnstter gives rise t o  the swelling with building of the 
macropomus structure.  k s e  m t e r i a l s ,  on the other band, should ?lot becom p la s t i c  
or f lu id  duricg carSonisation, but ra ther  should have a r ig id  oriented structure. 
Other desirable  character is t ics  02 a base m t e r i a l  a r e  that it shoulc! be large 
ring-chain m1ecul.e u i th  oxygen or  other vo la t i l e  consti tuents io the ring." 

Inasnuch as binder na t e r i a l s  carbonize to  give (a f te r  act ivat ion)  carbons of low 
ac t iv i ty ,  these investigations conclude that such substances a re  i n  the xmin not very 
desirable as r a w  na te r ia l s  f o r  a c t i m t e d  carbon, 

S in i la r ,  though perhaps not as broad, conclusions were reached by Bureau of Xines 
Investi@tors(2) who found that cerixin bituminous and subbituminous coals, natural  
cokes, p i tch  cokes and petroleum cokes did not yield sa t i s fac tory  adsorbent carbons 
by nethods which, with desirable r a w  m t e r i a l s ,  mre successful. 

Apparently the reactions attending the su l fur ic  acid treatment of the asphal t ic  
res ins  - e.g., sulfonation, sulfation, and oxidative condensation serve to transform 
these asphal t ic  resinous materials fron a binder (qual i ty  unknown) i n to  a very satis- 
factory base m t e r i a l .  
conversion depends upon the re la t ive  binder/hse character is t ics  of the asphal t ic  
resin, and i s  most economically a quant i ty  vhich w i l l  effect  enough oxidative con- 
densation t o  nininize fusio2 during charring. 
about 3.5 par t s  o f  95% su l fur ic  acid per part of r e s in  effects ,  during a two-hour 
nsulfonztionlt period, conversion in to  a sa t i s fac tory  base mterjhl. 
in to  an a c t i n t a b l e  char, the sulfonetion product, without i so la t ion  o r  washing is 
slowly heated t o  coking temperature (about 550-600OC) in the absence of a i r .  During 
the heating period, excess acid,  some sulfur dioxide, H2S, and even elementary sulfur 
are evolved along with water, and l a t e r ,  as temperatures i n  excess of about ,$00-45O0 
are  a t k i n e d ,  carbonaceous pyrolyt ic  decomposition products a r e  evolved. 
can be sa t i s f ac to r i ly  activated by the usual methods (stean) t o  afford act ive adsorbent 
chars io  good yield. 

a projuct which my & resulfonated t o  yield useful cation exchange m t e r i a l s  or  which 

Tlharnount of sulf'uric acid which is required t o  e f f ec t  the 

W t h  penlane-precipitated_asphaltenes, 

For conversion 

The char 

Thus examinstion of sulfonating reactions on asphal t ic  res in  f ract ions leads t o  
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can be carbonized and a c t i m t e d  to give a good a c t i m t e d  carbon, 

Preparation of Cation Lm&mge 2ktsriais 

The reaction between hard a s p k l t s  or asphal t ic  res ins  a;?d s-le sulfoWtTkg 
agent such as concentrated sulfuric acid is very slov a t  arfcient tznperatn_res, becolUhg 
nore rapid as  the temperature r i s e s  t o  a b u t  70°C. Above this t e q e r a t u r e  the re- 
act ion proceeds rapidly, accoqanied Ir jvigorous evolution of SQ as the acid 
oxidizes par t  of the asphal t ic  m t e r i a l .  
sequence the reaction mst be carr ied out- i n  oversize equipaent w i t h  adequate s t i f i ing .  
Useful s t a r t i ng  inaterials fo r  prepamtion of e i the r  the cation exchange m t e n a l s  

about 270° and asphaltic res ins  , asphaltenes , o r  d x t u r e s  thereof h a g  similar 
softening point properties, 

The .mixture foams pers i s ten t ly  and i n  con- 

, or the a c t i m t e d  char were found t o  be blown asphalts of softening point in  excess of 

Simple asphaltenes were very useful. 2s s t a r t i ng  naterials.  

1, Sulfonation of  Asphltenes 

Fused and subsequently ground pentane-precipitated asphaltenes derived f rom a 
vacuum reduced z s p k l t  (penetration 89, softening point EO*) 'were screened, and 
the 2O/4O nesh fract ion retained. Fines were remelted, a s t  t o  so l id i fy  2nd reground. 
For the prel ia inary sulfonation 100 par t s  of the 2O/4O mesh r e t e r i i l  were t reated with 
540 parts by weight of 95% su i fur ic  acid i n  a res in  reaction f"us'r equipped v i th  an 
e f f i c i en t  s t i r r e r  and vented f o r  the escape of gases. 
t o  the ground m t e r i a l  slowly, the mture was alloved t o  reach its equilibrium 
temperature (about 45OC) and was then slowly heated on a steam 'cath. 
violent  foaning which ensues, the tecperature mst be raised slovly -.one-f.alf t o  338 
hour k i n g  required to reach mximm s t e m  b t h  temperature which i s  mintained f o r  
a period of about two hours. The reaction had la rge ly  moderated a t  t h e  end of this 
t h e  under these conditions and most of the ac id  appeared t o  &,absorbed. 
was cooled and poured into a large excess of  cold wzter. 'Fines prduced i~ the  sul- 
fonation were rewved by hc!mshi!g in  a large cjilinder. 
fram the sol id  product is a tedious operation and is a t  best not wholly siccessxW. 

The sulfuric acid - i s  added 

&cause 3f The 

The ~ i x ~ u r e  

'dashing of ezcess acid 

To t e s t  the product f o r  ion exchange capacity, twelve p i n s  of the wshed and 
dr ied r a t e r i a l  was transferred t o  a half-inch diaaeter  glass c o l m  and a l te rna te ly  
exhausted and regenerated by treatment witin d i l u t e  sodium hydroxide followed by d i l u t e  
hydrochloric acid. After several  cycles of t h i s  sort, the product was regenemted 
with 4 Nom1 hydrochlo?ic acid. 
or" water (about f i f t y  column volunes) and the m t e r i a l  i n  the hydrogen Corn was fo-md 
bp standard c o l m  tes t ing  methods to have an exchange capacity of only about 0.35 
m.e.q./gam. 
wzter containing 400 ppa hardness expressed as C a C 9 ) .  
poor ion exchange r a t e r i a l ,  

2. Resulfonation of Intermediate Product 

To wash out the excess acid required over a l i t e r  

(Twelve grains exchanged hydrogen for the cations i n  a b u t  550 rd of 'hard 
Thus this product i s  a very 

The intermediate sulfonated prodnct prepared (above) was fur ther  activated by 

The oleurn was added slowly while t5e mkture weis cooled i n  order t o  preTrent 
t rea t ing  150 parts  of the dried raterial v i t h  80 parts of 20;$ oleum in sinilar eq5.p- 
ment. 
excessive heating and foaming. -k@i! when equilibrium t e q e n t u r e  ES established, 
the mixture was heated slowly t o  steam bath t o q e r a t u r e s  and maintained f o r  two houx.  
The product was 'ldrowned out" a f t e r  cooling and thcroughly washed, f i n a l l y  in +he 
sodiuq form Kith hot water. A twelve-gran sanrple of this product required sonewkt 
l e s s  than 100 m l  of wash water to f r ee  it of  excess acid after regeneration, and in 
standard column operation exchnged hydrogen f o r  the cations i n  2,150 id of 400 ppm 
hard water before leakage reached 5$ of the or iginal  t o t s 1  hardness. 
inproved product had a working capacity of approximtely 1.43 m.e.q. per gram. 

This much- - 
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3, I Double Sulfonation without Intermediate &olation of Product 

A quantity of 20/40 mesh asphaltene uasy sulfonated with 5.5 times i ts  weight Of 
concentrated sulfur ic  ac id  as i n  the  first ekmple. After  the  i n i t i a l  sulfonation 
the mixture uas cooled and a quantity of 20% oleum equal i n  weight to the  or ig ina l  
s - m i c  ac id  ubarged vas slowly added, after which heating vas resumed. b r e  S@ 
vas evolved and the mix tu re  again foamed as badly a s  during the  or ig ina l  sulfonation. 
After an addi t ional  two hours a t  steam bath temperature the reaction was terminated 
and the product vas washed. 
exhibited color throw-off on lengthy standing i n  the  sodium form i n  contact with Water- 
This was believed due to smll amounts of lower molecular weight sdfate/sulfonates.  
To eliminate These, the washed m t e r i a l  w s  soaked i n  hot (9OoC) 2@ sodium hydroxide 
for about six hours and then was thoroughly washed with hot water. 

The m t e r i a l  possessed high exchange a p a c i t ?  but 

This r a t e r i a l  exhibited ion exchange capacity in both the hydrogen and sodim 
cycles coaparable with tha t  of c o m r c i a l l y  avai lable  sulfonated coals. 
off  WELS not 'noticeable,  regeneration and washing requirenents were essent ia l ly  those 
of comerc ia l  SULtonated coal. Yield of the twice-sulfonated m t e r i a l  was about 1.4 
tires the weight of pentane a s p b l t e n e s  charged, 
f ron sinilar sulfonations carried out on an oxidized asphal t  and a i r  oxidized asphal t ic  
resins. , 

Color throw- 

Quite s i a i l a r  products were obtained 

Preparation of Activated Carbons 

A s p e c i d  apparatus vas constructed of fused quartz for prepariqg and ac t iva t ing  
c h r s  from sulfonated m t e r i a l s .  The m j o r  components of this apparatus were a steam 
superheater and a carbonizing and act ivat ing vessel, both constructed of fused quartz. 
The superheater was a quartz m c r o  combustion tube 314" x 30" with b a l l  jo in ts  a t  the 
ends snd heated by a standard e l ec t r i c  combustion furnace, 

r h i s  vsssel  vas larger 2-1 diazieter (2") and shorter (10"). 
e lec t r i ca l ly  by furnace elenents which f i t  c losely for most of i t s  length. 
m s  controlled by a large variable t,ransforrer. 
jo in t  attached 118-31 the botton a t  right angles to i t s  axis. 
sqerhea ted  steam fro= the combustion tube. A grat ing of quartz w s  Ficluded ju s t  
above the steaa inlet .  
or' ths  tube was b t t l e  shaped Ih th  a socket j o in t  f inish.  
jo in t  f i t t i n g  carrying a thermocouple and a condenser. 

The ac t iva t ing  vessel  w s  somewbat simikr but arranged i n  a ver t ica l  position. 
It was a lso  heated 

Temperature 
The lower end vas closed arrd a socket 

This joint  received 

This helped d is t r ibu te  the s t e m  uniformily. The upper end 
This socket accepted a bal l  

Steam r a t e  was neasured by pressure drop across a calibrated o r i f i ce  between the 

Appro-tely 40 grams o f  dry, grandar ,  sulfonated m t e r i a l  vas charged to the 

supply liae and the inlet t o  the superheater tube. 

vessel  and carbonized without steam a t  50C-550°C. 
t ha t  desired f o r  act ivat ion,  and steam ad i i t t ed  a t  a r a t e  suf f ic ien t  t o  suspend or 
f lu id ize  the bed of carbon. 
act ivat ion vessel  was discontinued but superheated steam was continued u n t i l  t he  
temperature of the car'mn hctd f a l l en  bemw 5OO0C a t  which t h e  the steam was shut off. 
The carbon m s  allowed to cool thoroughly before disconnecting the apparatus. 

The temperature was then raised t o  

A t  the  end of the time of activntion, heating of the 

I ,  

1. Activated Carbon fron Asphaltenes 

Two-h&dred gram of pentane precipi-tated asphaltenes were slorrly coked i n  the 
absence of a i r .  
rjl,tter, so that the r a t e  of heaxing required careful  monitoring t o  aver t  mechanical 
loss of m t e r i a l .  
fo r  about Zen minutes e f t e r  esseot ia l ly  all p p o l y s i s  products h d  been evolved, 
cmled porous, f r i ab le  residue (104 g. )  was crushed and screened, the 20/.40 mesh 
fract ion (54 g.) being retained. 

Foaming was severe because of fusion and evolution of vo la t i l e  

The f i n a l  temperature of coking was 5OO0C and heating was continued 
The 

Activation f o r  30 rlinutes a t  975OC wikh excess of 

Ti  ' 
I: j 
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superheated s t e a m  afforded 19-7 grams (4.855 &sed on asphaltenes) O f  an 'activated 
carbon' which ha$ a ccl4 service time(1,3,8) of 36 seconds. 
asphaltene coke would be considered worthless a s  an act ive char, 

Thus, the activated 

\ 

2. Activated carbon f r o m  Sulfonated Asohltenes 

100 g. of 20140 nesh asphaltenes ;as t rea ted  with 200 inl (370 9 . )  of concentrated 
I 
I\\ 
1 su l fur ic  acid, heated to M t e r  k i th  temperature and maintained ?or two hcurs. 

temperature was sloi& raised un t i l  a f i na l  temperature oi' 4MoC was attained, 
evolution of S q  attended the whole operztion. 
e l in ina te  a smll m u n t  of f q e s  and the 2O/LO nesh f rac t ion  coked a t  50O-55O0C u n t i l  

The 
Copious 

\ The dry product titis screened t o  

I evolution of gases had ceased. Elf the c k r  (38.5 g,),was act ivated n i t h  steam a t  
800°C f o r  35 ninutes to yield 36 g. of act ivated carbon having a CC1 1 

service tim of 
185 seconds. "he other half of the char M S  s t e m - a c t i m t e d  a t  950° t for 35 n!inutes 
t o  yield 2.4 g. of activated carM having a C C l 4  service time of 1028 seconds. 
once-tested carbon_ vas regenerated for seven 13inutes a t  975OC and exhibited a CCI.4 
service t i n e  of 1050 seconds. 
hardness and have been prepared under conditions which field carbons having C C l 4  service 
times a s  high a s  160 seconds. 

The 

The products are granular, of f a i r l y  sz t i s f i c to ry  
i. 

' .  

! 

The a c t i v i t y  of tine carbon increased with increasing i e q e r a t u r e  o f  act ivat ion 

A t  these teaperatures, f ie ld  of a c t i n t e d  
up to  about 85C-875°C. 
nore ac t ive  tbzn tha t  ob taked  a t  850°C. 
carbon decreased rapidly with increased retention' time and with i n c r e z s k g  temperature. 
These f z c t s  a r e  i n  general accord 16th and com*im observztions m d e  by previous 
inve stistors. (6) 

Thus, carbon act ivated a t  tenperatures zbove 9CO°C has no 

. O . . . . . . . . . . . O  
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DZTERMINATION OF TOTAL PYRIDINES AND T O T a  QUINOLINES 
I N  LOW TEMPERATURE COALTAR DISTILLATES BY 

ULTRAVIOIXl' SPECTROPHOTOKFXFLY 

n Ta-Chuang Lo Chang and Clarence Karr, Jr. 

Low-Temperature Tar Laboratory 
Bureau of Mines 

U. S. Department of the  In te r ior  
Morgantown, W. Va. 

ABSTRACT 

An ul t rav io le t  spectrophotometric method fo r  determining t o t a l  pyridines 

The pH of the  acid extract is  adjusted t o  
and t o t a l  quinolines i n  coal-tar d i s t i l l a t e s  i s  described. 
fron the sample with l@ sulfuric acid. 
12 by adding potassium hydroxide. 
solution with isooctane, and the  ul t raviolet  spectrum is obtained from the  iso- 

spectrum by using the  folloning,average absorpt ivi t ies  from 10 quinolines and 13 
pyridines: 15.95 fo r  quinolines a t  316.5 m y  and 23.24 and 21.25 for quinolines 
and pyridines a t  260 m p .  
be applied t o  similar materials, such a s  petroleum dis t i l l a tes .  

The bases a re  extracted 

The f r ee  bases are extracted from the  alkal ine . octane solution. The t o t a l  quinolines and t o t a l  pyridines are  determined from t he  - 

This method needs o i l y  a small amount of sample and can 

\ 
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DETERPIINATION OF TOTAL PYRIDINES AND TOTA-L QUINOLINES 
I N  U I W  TEX'ERATURE COAL-T-AR DISTILLATES BY '. 

ULTF&lVIOLET SPECTROPHOTOI.ETF -c 

Ta-Chuang Lo Chang and Clarence K a r r ,  Jr. 
Low-Temperature Tar Laboratory 

Bureau of Mines 
U. S. Department of t h e  In t e r io r  

Morgantown, West Virginia 

Pyridine bases a s  derived from coal tar a r e  complex mixtures of pyridine, 
quinoline and the i r  homologs (5,7). 
chemical type, ( that  is, a s  pyridines and quhol ines) ,  it w a s  desired t o  develop 
an u l t rav io le t  spectrophotometric method t h a t  would apply t o  low tenperature cod-  
t a r  d i s t i l l z t e s  and crude tar bases. 

Previously LeRosen and Wiley (6) had attempted t o  determine pyridines i n  
petroleum pmducts by extracting the  sample with phosphoric acid whereir? the  pyri- 
dines were determined by ul t raviolet  spectrophotometry and expressed a s  pyriiiine 
by referring t o  a star-dard graph of pyridine itself. 
s b i l a r  process. , 

For the  analysis of these bases according t o  

Another paper ( 4 )  described a 

In  the  method described i n  t h i s  paper, pyridine and -1 derivatives a re  
estinoted as " to ta l  pyridines," not a5 pyridine i tself ,  as done by LeRosen and 
Wiley. Similarly, quinoline and i t s  alkyl derivatives are estimated a s  " total  
quinolines.Il 
lG% sulfur ic  acid and the acid layer is  adjusted t o  pH 12 by addin4 potassium 
hyZlroxide. 
cctane, 
spectrum of the  isooctane extract. 

Briefly, the procedure is  as follows: The sanple i s  extracted with 

The t a r  bases in  the  alkal ine solution a re  then extracted with iso- 
The t o t a l  pyridines a n d  t o t a l  quinolines a r e  determined by the composite 

The selected wave length f o r  calculating t o t a l  quinolines is 316.5 m p ,  
a t  which pyridines show no absorbance. The empirical absorptivity fo r  t o t a l  quino- 
l i nes  at t h i s  wave length i s  15.95, the average coefficient of 10 quinolines chosen 
for  t h i s  study. The wave length selected fo r  t o t a l  pyridines i s  260 m p ,  at wbich 
quinolines show considerable absorbance. 
t he i r  concentration, a s  determined by the  absorbance a t  316.5 m 
applied t o  t o t a l  absorbance from which pyridines may be calculac& The empirical 
absorptivity for  t o t a l  quinolines a t  260 m y  i s  taken a s  23.24, the, average of 10 
quinolines; that  for  t o t a l  pyridines is  taken a s  21.25, the  average/-coefficient of 
13 pyridines. 

APPARATUS 

Their absorbance can he calculated from 
and a correction 

Beclanan DK-2 Spectrophotometer with hydrogen discharge lamp. 
IWcched pa i r  1-cm. s i l i c a  cel ls .  
Separatory funnels. 
Pipettes and volumetric flasks. 

CHEMICAIS  

pyridine bases: 
Pyridine, Fisher certii'ied reagent. 
2-Kethylpyridine, C. P. Eimer and Amend. 



3-Nethylwidine, 9@, Eastmn Kodak Co., yellow label.  
l-Methylpyridine, Eastman Kodak Co., white label.  
2,3-Dimethylpyridine, Matheson, Coleman and Bell. 
2,4-Dimethylpyridine, 95$, Eastmvl Kodak Co., yellow label. 
2,6-Dimethylpyridine, 9@, Eastman Kodak Co., yellow label. 
3,5-Dimethylpyridine, pure grade, Aldrich Chemical Go. 
2-Ethylwidine,  95% purity m i n i m a ,  Reil ly T a r  & Chemical C O T .  
4-Ethylwridine, 95% purity minimum, R e g l y  Tar & Chemic& COT. 
5-Ethyl-2-1cethylpyridine, Fastman Kodak Go., white label.  
3-Ethyl-4-n?ethylpyridine, pure grade, Aldrich Chemical CO. 
2,4,&Trimethylpyridine, Eastman Kodak Co., white label.  
Quinoline, synthetic, Eastman Kodak CO., white label. 
2-Kethylquinoline, Quinaldine 95$, Eastman Kodak Co., yellow label. 
4-&!ethylquinoline, Lepidine, Eastma Kodak Co., yellow label. 
6-Hethy1quinoline, Eastman Kodak Co. white label. 
7-Methylquinoline, pure grade, Aldrich Chemical Co. 
8-&thylquinoline, Eastman Kodak Co., white label. 
2,4-Dimethylquinoline, pure grade, Aldrich Chemical Co. 
2,6-DimethylquinoleY Eastman Kodak Co., white label.  
Isoquinoline, Eastman Kodak Co., white label. 
3-~~ethylisoquinolFne, Eastman Kodak Co., yellow label.- 
Acridine, pure grade, Aldrich Chemical Co. 
Sulfuric acid, lo%, analytical  reagent. 
Sodium hydroxide, lo;%, analytical  reagent. 
Potassium hydroxide pellets,  analyt ical  reagent. 
Isooctane (2,2,4-trimethylpentane), spectro-grade. 

lcmEmmTAL 

bocedure for Synthetic M3xture.s. The u l t rav io le t  spectra of the  23 bases 
used for  t h i s  study were determined individually i n  isooctane. 
w e l l  with those i n  the  l i t e ra ture  (1,s). 
averages at 260 m/" and 316.5 m p  were then calculated and are  presented in Table I. 

The spectra agreed 
The absorpt5vities of  the bases and t h e i r  

Stocks of synthetic mixtures containing bases l i s t e d  i n  Table I1 were 
prepared in 1 6  sulfur ic  acid solution. 
times those shown i n  t h e  table. 

Their concentrations were exactly three 

The stocks t o  which neutral o i l  was added were washed three times with 
isooctane, which was discarded. The volume of isooctane used each time equaled 
tha t  of the  stock. 
ing KOH pellets.  
of isooctane. 
ml. extract was determined. 
dines were determined by the  absorbances and average absorpt ivi t ies  at 316.5 m , w  
and 260 m p  respectively. 

t h e  "present" concentrations were one-third of t h e i r  stocks and the fcfound" were 
t h e  concentrations of the 30-nil. isooctane extract  of t h e  corresponding mjxtures. 
For example, synthetic mixture number 1 i n  Tables I1 and I11 has a t o t a l  pyridine 
concentration of 0.0202 g/l. t o  correspond t o  the  di lut ion of the o r i g i n d  stock 
from 10 t o  30 ml.  

For samples con- 
taining 1-2% base by weight, 10 ml. of d i s t i l l a t e  was weighed i n  a separatory funnel 
and extracted three times with lC$ sulfuric acid, 20 ml. t h e  f irst  time and 10 ml. 
each the second and t h e  th i rd  times. 
vol-etric flask. 
with 10 ml. of lC$ sodium hydroxide each time. 

Ten nil. of the acid layer  was adjusted t o  pH 12 by slowly add- 
The a l k d i n e  solution was  then extracted three times with 10 ml. 

The extracts were conibined, and t h e  ul t raviolet  spectrum of t h e  3G 
The concentrations of t o t a l  quinolines and t o t a l  pyri- 

Table I11 shows the  recovery of bases by t h i s  method. In  t h i s  table,  

The concentration found, as shown in Table 111, Y ~ S  0.0201 g/l. . 

Procedure for Tar-Base Samples. (a) For tar d i s t i l l a t e :  

The acid layers  were collected i n  a 1CO-d. 
The o i l  residue remaining in  the  funnel was extracted three t ines  

T h i s  extraction remOves any t a r  acid: 
! 



Table I 

Akorpt tv i t ies  of m i d i n e  Bases 

?yridine Bases 
Pyridine 
2-Xethylpyridine 
3-bfethylpyridine 
4-#et hylpyridine 
2,3-Db.ethylpyridine 
2,lpDimethylpyridine 
2,6-Dix.e thylpyrid-he 
3,5-Dinethylpyridine 
2-Ethy1pyridb.e 
4-Ethylpyridine- -' 
5 -Et hyl-2-met hylpyr idine 
3-Ethyl-4-methylpgridine 
2,4,6-Trimethylpyridine 

Average 

Quindine Bases 
Quinoline 
2-Nethyiquinoline 
4-l4eth;rlquinoline 
&Net hylquinoline 
7-14et hylquinoline 
8-Net hyiquinoline 
2,k-Dimethylquinoline 
2,6-Dimethylquinoline 
Isoquinoline 
3-Piethyl-isoquinoline 

Average 

Wave Len&h 
260 m+ 316.5 

17.44 
25.43 
23 47 
l4.22 
26.86 
22.41 
26.74 
22.87 
24.47 
13.07 
20.99 
18.87 
20.33 
21.25 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
- 

24.23 9.84 
23-90 24.71 
27.69 8.97 
17.79 12.39 
19.16 18.95 
12.56 
24.24 
21.25 
28.67 
27. G3 
23.24 

12.87 
17.25 
13.56 
27.27 
13.69 
15.95 

Table I11 

Recovery of Total k i d i n e s  znd Quinolines from Synthetic 
1"ixtures bv U s k  Averaee AbsomtivitFesd 

Total Total Total Total 
Fyridines Pyridines Recovery, Quiqolines Quinolines 
Present, g / i .  Found, a h .  Percent Present. ,I&. Found, g / l .  

0.0202 0.0202 99.3 0.0155 0.0155 
0.0282 0.0281. 99.7 O.OOq3 0.0091 
0. CQ81 0. om0 99.8 0. om 0.0245 
0.0181 0.0181 100.0 0.0171 0.0166 
0.0179 0.0173 96.2 0.0184 0.0201 

0. C2C6 0.0179 0.0192 107.0 0.0184 
0.01875 0.0193 103.0 0.01238 0, o u 6  
0.01875 0.0206 109.8 0.01238 O . O l l 7  
0.01875 0.02a 111.0 0.01238 0.0117 
G. 01875 0.0199 106.0 0.01238 O.Ol l9  
0.02203 0.01905 87.0 '0.01354 0.0135 
0.02203 0.01868 85.0 0.01354 0.0135 

Recovery, 
Percent 

10.0 
97.8 
98.7 
97.3 

109.0 . 
112.0 

93.7 
94.5 
94.5 
96.1 
99.0 
99.0 

A t  316.5 n i p ,  a for  quinolines = 15.95; at 260 m,p,  a for quinolines = 23.24; a t  
260 m p ,  a f o r  pyridines = 21.25. 
These mixtures contained 0.03 g/l. neutral  oil obtained from low temperature t a r .  
the i r  acid solutions (pH = 2) were extracted with isooctzne t o  remove t h e  neutral  
O i l .  'a > 
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t h a t  ZLTJ rr&e complete extracticn of t a r  bases difficfi t ,  
discmsded, end t h o  o i l  k y e r  was then extracted agaiii th ree  t2~1-s  with lG$ s&*uriC 
acid as before. 
zcd the  f in21 vcluim of the  acid solution vas diluted to PCO d. wi'ch I($ s u l k r i C  
acid, 

The alkaline layer was 

These acid extracts were added t o  t h e  1CO-xfL. volumetric f lask,  

(b) For crude tar base: 
dissolved i n  10s @uric acid i n  a 5&mL volumetric flask.  
diluted t o  t h e  mark with'l@ sulfur ic  acid. 

About 0.1 gram of crude tar base was weighed and 
The solution was 

Twenty-fi-re EL of ei ther  of the  above acid solutions vms washed three 
t -hes  with ismctane. The volme of isooctane used each time equaled tha t  of t h e  
acid solution. After washing, the  volune of the  acid solution was adjusted t o  25 
ELL. with water i f  necessary. 
beaker t h a t  contained a few m i l l i l i t e r s  of v:ater and placed i n  an ice-water bath. 
Potassium hydroxide $ellets uere added t o  t h e  acid solution with constant s t i r r i n g  
u n t i l  the  pH of the solution reached 12. 
t o  a 2 5 4 .  volumetric f lask  and was diluted t o  the mark with d i s t i l l e d  water. Five 
a. of t h e  alkaline solution was extracted three  times d t h  10 ml. of isooctane each 
t ine.  

Two ml. of t h  acid solution was pipetted in to  a smdl  

The solution was transferred quantitatively 

The isooctane extracts were combined, and an uit raviolet  spectrum was deter- 
v d .  '/ 

Calculation of T a r  Bases i n  Sample. 
Average absorptivity for  quinolhes  a t  316.5 ntv = 15.95 
Average absorptivity f o r  quinolines a t  260 m p  = 23.24 
Average absorptivity f o r  pyridines a t  260 m p  = 21.25 

Q = * x F1 x F2 
15 95 

x F1 x F2 
*260 - (* x 21.24) 

P =  
21.25 

vtnere Q = t o t a l  quinolines i n  grams, 
P = t o t a l  pyridines i n  grams, 
A316.5 = absorbance at 316.5 mp, 
A260 = absorbance a t  260 mw, 
F 1  = dilut ion factor for  f i n a l  isooctane extract, if any, 
F2 = dilut ion factor f o r  the  saqde.  

. 

In  t h e  procedure described above, there  i s  no fur ther  dilution f o r  the  
f i n a l  isooctane extract. Therefore, F equals 1. F2 i s  ua l  t o  (30/1000 x 25/5 
x 100/2) = 7.5 f o r  the d i s t i l l a t e  and bo/lOCO x 25/5 x 5 7 2 )  = 3.75 f o r  t h e  crude 
tar base. 

If t h e  tar-base content in the sanple i s  too high, fur ther  di lut ion of 
the final isooctane extract i s  necessary t o  obtain a satisfactory spectrum with 
absorbances a t  316.5 and 260 m p w l t h i n  a range of 0.1 - 0.9. 
Fl, therefore, has t o  be found'by the  actual  di lut ion made. 

truii of the  f ina l  30 ml .  of isooctane extract  i s  unsatisfactory, e i ther  of the  fol- 
, lo:.ring tim procedures can be used: 
. f o r  final isooctane extraction from 5 to 10 ml. In  t h i s  case, F1 i s  st i l l  1, and 
F2 i s  changed t o  3.75 instead of 7.5; (b) increase the  volume oi isooctane - o rashed 

The dilution factor  

,:: If t h e  tar-base content i n  the  sample i s  so low tha t  the  composite spec- 

(a) Increase the  volume of alkaline solution 



acid extract frcffi 2 ziLs t o  any desired volume up t o  20 12. 
t ion  factor  F2 has t o  be changed t o  a v a h e  depending on t h e  actual  volume of t h e  
acid s o l u t i m  used. 

h t h i s  case, the d i h -  

From the weight of t o t a l  pyridines, t o t a l  quinolines, and weight or  
volume of the  sample used, the  percentage of t o t a l  pyridines and t o t a l  quinolines 
can be calculated. 

DISCUSSION 

Selection of 'Wave Lenpths and Absont iv i t ies  f o r  Calculating Total mi- 
The pyridine bases of tar d i s t i l l a t e s  contain a great dines and Total Quinolines. 

number of pyridine and quinoline derivatives, and t h e  exact composition varics with 
the type of t a r  and manner of d i s t i l l a t ion .  To represent a l l  possible conpositions 
an unlimited number of synthetic mixtures wmld be required. For t h i s  study, t h e  
best  one can do is  t o  make a synthetic mixture containing t h e  main bases found i n  
tar d i s t i l l a t e s  (5,7) as representatives. 
have been selected. 
l ines ,  such a s  tetranethylpyridines and trimethylquinolines, were not included i n  
t h i s  work because of t h e i r  unavailabil i ty in t h i s  laboratory when t h i s  work was 
done. It is expected that these bases w i l l  not appreciably change the  pattern of 
the composite spectrum and a l so  tha t  t h e i r  absorpt ivi t ies  will not be f a r  f r o m  the 
average values of the  23 bases. 

Thirteen pyridines and ten quinolines 
However, several other important alkyl pyridines and quino- 

Table I1 shows the compositions of the  synthetic mlxtures. The spectra 
of six typical  synthetic mixtures, as shown in Figures 1 t o  4, follow a general 1 

pattern tha t  also a p l i e s  t o  the  spectra of pyridine bases extracted from two tar 
d i s t i l l a t e s  (Fig. 57. 

To select  suitable wave len  f o r  calculating t o t a l  pyridines and t o t a l  
quinolines, several key wave lengths 260 265, and 270 mpfor  pyridines and 
3a.5, 3CB, 313, 316.5, and 318 f o r  quinolines) were t r ied.  
the  bases i n  the  above synthetic mixtures have been found a t  wave lengths of 260 r n p  
and 316.5 m p ,  respectively, f o r  pyr idhes  and quinolines. 
wave lengths is  shown in Table 111. 
all of the  available pyridines and quinolines, recoveries were x i th in  O.z, or 
better,  f o r  t o t a l  pyridines, and 2.7%, or  bet ter ,  f o r  t o t a l  quinolines. 
the  recovery and t h e  assumption t h a t  t h e  reference mixture of equal amounts of indi- 
vidual bases be t te r  represents the  tar bases in t h e  samples than other mixtures 

.-would, the  following average absorpt ivi t ies  were chosen f o r  calculating the  t o t a l  
pyridines and the t o t a l  quinolines i n  t a r  d i s t i l l a t e s :  21.25 for t o t a l  pyridines 

' and 23.24 f o r  t o t a l  quinolines a t  wave length 260 mp, and 15.95 f o r  t o t a l  quino- 
l i n e s  at wave length 316.5 mp. 

Best recoveries f o r  

The recovery a t  these 
For t h e  first four mixtures, which contained 

Based on 

As the  average absorptivity is  based on t h e  presence of many bases, the 

For example, if only 4-etliylpyridine with an absorptivity of 13.07 is  
chances of i t s  fa i l ing  t o  be applicable will increase a s  t h e  number of bases 

~ decreases. 
present, the  error incurred by using t h e  average value of 21.25 will be the  
greatest. 
number of quinolines i n  the sample decreases. However, c o d - t a r  bases are complex 
mixtures, and t h i s  si tuation v r i l l  be unlikely t o  happen; also, in most instances 
t h e  t rue  absorptivit ies of the  base mixtures a r e  expected t o  fall i n  t h e  neighbor- 
hood of the  average values. 

Likewise, the  error i n  the quinoline determination increases as  the  

O f  the  two types of bases, it i s  noted t h a t  the  recovery f o r  quinolinos 
i s  be t te r  than tha t  f o r  pyridines. This i s  due t o  the  f a c t  tha t  pyridines do not 
interfere  with quinolines a t  316.5 mp, while quinolines in te r fe re  with pyridines 
a t  260 my. /.I 
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Figure 3. Spectra of synthetic mixtures 5 and 7. 

Figure 4. Spectra of synthetic mixture 11 and & w e  
containing acridine. 
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To obtain a good composite spectrum, the  best  concentration of the  bases 
in isooctane i s  0.03 - 0.04 gram per l i t e r .  
sa t i s fac tor i ly  appliac: t o  a fir;3. isooctane extract containing a t o t a l  bas- con- 
ten t  a s  low as 0.015 gram per l i t e r ,  if t he  quinoline content rouguy quals triat 
of t he  pyridines. 

However, t h i s  method can zlso be 

Interference. 
mount or" qcid-soluble 
f o r  ul t raviolet  enerm 

, In extractin! thc  bases from t h e  d i s t i l l a t e ,  a s m a l l  
phenols and hydrocarbons tha t  a lso possess an absorption 
a t  250 t o  260 m p i s  carried over t o  the  acid solution and 

e.rentual.3y w i l l .  in te r fe re  w i t h  t h e  determhztion of t he  bases. 
interference can be overcome by washing the  acid extract  with isooctane and by hold- 
h g  all phenols in the  alkaline solution during the final- extraction of the  bases ' 

with isooctsne. Synthetic mixtures 6 ,  8, 10, and 12, which were c o n m a t e d  pur- 
posely with hydrocarbons from tar d i s t i l l a t e ,  demonstrate t h e  f a i r l y  good removal 
of the  hydrocarbons by t reat ing the  acid extract  with isooctane. 

However, this 

Although the  tar bases in d i s t i l l a t e s  consist  mamy of pyridines and 

However, pyrroles and indoles a re  very weak 
quinolines, they a l so  may contain some other nitrogenous compounds, such a s  pyr- 
roles, indoles and ani l ines  (5,7). 
bases. Their pKb values a re  so close t o  l.4 that they a r e  not extractable with 
d i lu te  mineral acids. Anilines a re  basic in property and a re  extractable with 
d i lu te  mineral acids. Some of t he  aniline derivatives, such a s  toluidines, have 
been identified in tar bases. 
shown tha t  t h e  highest absorbance appears from 235 - 250 m y  while t he  lowest i s  
from 260 - 270 mw. Fortunately, t h e i r  presence usually is  i n  a sm3s1 percentage 
i n  colnparison with pyridine bases (7). In  this aethod, t he  interference of this 
small. amount of anXUnes can be assumed t o  be negligible insofar as the  conposite 
spectrum of the  tar bases follows the  general pattern of t h e  synthetic mixtures. 
On the  other h a d ,  i f  t he  composite spectrum shows an unusual pattern with a peak 
at  2f+O t o  250 rep, it might indicate that t h e  tar base might contain a ra ther  
hkhe r  amount of ani l ines  than usual. 
lines is included as pyridines a t  260 m p ,  although t h e  interference i s  not con- 
sidered t o  be appreciable. 

By examining t h e i r  u l t rav io le t  spectra (1,3), it was 

Should t h i s  happen, the small amount of ani- 

The two composite spectra (Fig. 5)  of two tar d i s t i l l a t e s  (Table IV) fol-  
lowed the  general pat tern of those of the  synthetic mixtures. 
t i l l a t e s  was obtained from a low temperature Wyoming l i g n i t e  tar and the other from 
a low temperature bituminous coal tar. 
nous coal tar shows a d l  additional peak at 252 m+. 
unusually high amount of ani l ine derivatives or  an unusually high percentage of a 
certain alkyl pyridine. 
para t ivdy  larger  amount than other pyridines would give a smal l  individual peak a t  
around 250 m p .  
bases, and small amounts of benzene and tar acids, was recovered as a by-product in  
the  liquid-liquid countercurrent extractTon of tar acids from the bituminous coal 
tar  d i s t i l l a t e  using aqueous methanol (8). This crude tar base upon analysis was 
found t o  contain 70 weight-percent of t o t a l  pyridines and 30 weight-percent of 
t o t a l  quinolines. The proportion of t o t a l  pyridines t o  to t a l  qu inolhes  i s  qui te  
similar t o  tha t  f o r  t he  base obtained direct ly  from the  d i s t i l l a t e .  - 

One of these dis- 

The spectrum of t a r  bases from t h e  bitumi- 
This might be due t o  an 

For example, 3-ethyl-4-methylpyridine present in a cor+ 

A crude tar base, consisting of a mixture of neutral  oil, tar 

Analysis of Dis t i l l a tes  Containing Acridine. High-boiling t a r  d i s t i l l a t e s  
may contain some acridines. 
measured by a similar procedure. Its u l t rav io le t  spectrcm shows a significaqt peak 
a t  339 mywhich is  suitable fo r  i ts  quantitative analysis and also shows an unusuall 
high absorbance a t  around 250 m/" which can be usod as a confirmation for t h i s  com- 

Acridine, qual i ta t ively and quantitatively,  can be 

pound e 



A s w t h e t i c  niwctwe, which contained six pyridines, three quinolhes  and 
acridine vas anal-gzed in the  sm-e manner as t h e  other synthetic a w e s .  
posit,e spectrun of the  mkcture and the  recovery of t h e  bases b3 t h i s  method are  
shoim jn Figure 4 and Table V. 
Z t  316.5 m p ,  13.9, and at 260 rip., 17.2 

The can- 

The absorptivity f o r  acric5ne at 339 m y  i s  42.2, 

Table IV 

Determhation of T o t d  Pyridines and Total 
Quinolines i n  Tar Dis t i l l a tes  

D i s t i l l a t e  
L i g n i t e  Bituminous 

T a r  Coal Tar 

Dis t i l l a t ion  Endpoint, OC. 125.0 125.0 
Pressure, mm. Hg 0.1 0.1 
Volume of Sample Used, ml.  10.0 10.0 
Weight of t h e  Sample, g. 9.35 9.55 
Total Pyridines Found, g.  0.103 0.104 
Total Quinolines Found, g. 0.012 0. OS 
Total Base, g. O.ll.5 0.154 
Total Pyridines in Base, wt. % 89.5 67-5 
Total Quinolines i n  Base, vrt. $ 10.5 32.5 

Total e r i d i n e s  in Sample, wt. $ 1.1 1.1 
Total Base i n  Sample; id. % 1.23 1.62 

Total Quinolines i n  Sample, wt. % 0.13 0.52 

Table V 

Recovery of Bases from a Synthetic Mixture 
Containiw Acridine 

Present Found, Recovery, - Eases K r a m / l i t  &- Kran/lit e r  percent 

Total Pyridines 0.0184 0.020 109.0 
Total Quinolines 0.00989 0.0081 82.0 
Acridine 0.0017 0.00175 103.0 

Other Applicatidns. This method can a l so  be applied t o  tar refinery 
streams, such a s  the  extract  and raff inate ,  from tha  countercurrent liquid-liquid 
extraction of t a r  d i s t i l l a t e s  with aqueous methanol and hexane (8 ) .  The bases in 
t h e  hexme phase can be analyzed by t h i s  procedure direct ly ,  and t h e  bases i n  the 
met,hnol phase can be purified by d i s t i l l a t i o n  and extraction as described else- 

,'- where (2). i 

Pyridine bases present i n  samples from petroleum refining can also be 
determined by t h i s  method. 

COMCLUSION 

An ul t raviolet  spectrophotometric method developed t o  determine t o t a l  
pyridines and t o t a l  quinolines i n  t h e i r  mixtures has been shorn t o  give satisfactory 
analysis of these two types of bases i n  coal-tar d i s t i l l a t e s .  
work equally well f o r  t h e  bases in similar materials. 

This method should 
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ABSTRACT 

Low-boiling phenols in a low temperature bituminous coal t a r  distillate 
have been identified and quantitatively determined by gas-liquid parti t ion chroma- 
tography. 
f rac t iona l  d i s t i l l a t i on ,  followed by infrared analysis. 
independent techniques of GLPC and IR  w a s  made. 
ethylphenols were included i n  the analyses. 

These phenols were also determined by t h e  conventional technique of 
Comparison of the  two 

Phenol, cresols, xylenols and 
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As part of an extensive program on separating and characterizing c-- 
nents in tar result ing f r o m  low temperature carbonization of bituminous coal, it 
was desired t o  identify and determine quantitatively the  low-boiling phenols i n  a 
cer ta in  tar d i s t i l l a t e .  Examination of t h e  l i t e r a t u r e  published Within the  last 
t en  years showed that information on ident i f ica t ion  of phenols i n  low temperature 
tar mostly represents work done outside of t h e  United S ta t e s  (3,6,7,8,9,10). The 
best  conventional quantitative procedure involves f r ac t iona l  d i s t i l l a t i o n  of t h e  
mixture of phenols, followed by infrared analysis. 
recently described by Fai r  and Friedrich (2), who, however, do not give any ac tua l  
examples of analysis of coal-tar d i s t i l l a t e s .  
same technique, is  provided by Jones and Pleuworth (4). 

To c q l e m e n t  as well as check t h e  r e su l t s  obtained by d i s t i l l a t i o n  and 
infrared analysis, a completely independent method of separation and analysis was 
chosen. 
which had been previously described (5). 

This technique has been 

An example, using essentially t h e  

T h i s  was a gas-liquid par t i t ion  chromatographic technique f o r  phenols 

-AL 
. I so la t ion  of M u r e  o f  Low&oilw Phenols. A d i s t i l l a t e  was obtained 

from a sample of low temperature (5000C.) bituminous coal tar, furnished by t h e  
Pittsburgh Consolidation Coal Company, Library, Pa., under very mild temperature 
conditions, so as t o  reduce s t ruc tura l  a l t e r a t ions  of tar components t o  a minimum. 
For this purpose, a rotary vacuum s t r ipper  was constructed. 

f lask,  which was rotated at about 6 r.p.m. i n  a 20-gallon-capacity o i l  bath. 
mechanical vacuum pwnp with a f r ee -a i r  flow r a t e  of 375 liters per minute was used 
t o  reduce t h e  pressure, and oxygen-free nitrogen was employed t o  maintain an i n e r t  
atmosphere i n  the  system. An ionization vacuum gauge with a range of 1000 mm. t o  1 
micron was used for  continuous pressure indication. 
recovered with a cold-water Friedrichs condenser. 
representing components d i s t i l l a b l e  at room temperature and about 133 microns pres- 
sure (equivalent t o  very approximately 2l5OC. at  1 atmosphere), was recovered x i t h  
a t r a p  cooled With a mixture of trichloroethylene and so l id i f ied  carbon dioxide. A 
similar t r ap  was used t o  protect t h e  sensing head of the  ionization gauge. 
operation, t he  bulk of the  d i s t i l l a t i o n  takes place from t h e  f resh  film of hot t a r ,  
which is continually drawn up t h e  w a l l  a t  one side of t he  f l a s k  0- t o  the  slow 
rotary motion. A t  about l25OC. and 133 microns about 21 weight-percent of t he  tar 
was dis t i l l ab le .  

The stripper consisted of a E!-liter-capacity, stainless-steel ,  spherical 
A 

The main d i s t i l l a t e  was 
A smal l  portion of d i s t i l l a t e ,  

In 



A Claisen a l k a l i  extraction was performed on the cold-trap portion of the 
d i s t s l a t e ,  following the  procedure described by Woolfolk e t  ale (12). 
extraction the tar-acid content of t he  low-boiling d i s t i l l a t e  appeared to,be about 
20 volume-percent. This cold-trap material did not necessarily represent 'complete 
recovery of any of i t s  components from the  tar. It was, however, considered t o  be 
a good mixture f o r  evaluation of a vapor-phase chromatographic technique because of 
i t s  high v o l a t i l i t y  and relat ively simple composition. 

A 37.25-g. portion of the low-boil- 
ing mixture of phenols isolated from the t a r  was fractionated i n  a Piros-Glover 
micro-spinning-band vacuum still. A l l  a i r  was flushed out of t h e  still  with oxygen- 
f r ee  dry nitrogen before the d i s t i l l a t i o n  was started. 
head pressure of 50 nun. Hg, which very nearly represents t he  pot pressure, since t h e  
pressure drop i n  the spinning-band column is almost negligible. 
was a p p r o r h t e l y  30 t o  40 nil. per hour, and the reflux r a t i o  was 10 t o  1. 
speed of t he  band was fixed a t  1800 r,p.m. 
recovery of 96.2 weight-percent. All fractions,  were i n i t i a l l y  colorless, b u t  frac- 
t i on  7 developed a s l i gh t  color on standing two days. 
l a t i o n  a re  shown i n  Table I and Figure l. The temperature readings i n  Figure l a r e  
fo r  an iron-constantan thermocouple i n  the  s t i l l  head as  recorded on a 10-millivolt, 
5-inch-span recorder, t he  cold junction being a t  room temperature, which was essen- 
tially constant. The weights of each component i n  each f r ac t ion  were determined by 

From t h i s  

D i s t i l l a t i on  of Low-Boiling Phenols. 

The still was operated a t  a 

The boilup r a t e  
The 

Seven fract ions were isolated, with a 

The results of t h i s  d i s t i l -  

conventional infrared spectrophotometry, ;sing t h e  following analytical  wave lengths, 
in microns: 

Fraction 
1 2 6 7 Compound - - 3 4 5 - 

Phenol 14.55 14.55 
o x r e s o l  11.86 U.86 
2,6-Xylenol 
p-Cresol 
m-Cresol 
o-Ethylphenol 
2,4-;3ylenol 
2,5-Xylenol 
2,34ylenol 
p-Ethylphenol 
m-Ethylphenol 
3,5-Xylenol 
3,4-Xylenol 

13.35 
ll. 02 
12-24 12.24 
u.57 14.57 

13.34 
12.47 

13.34 
10.27 
10.03 
11.n 

13 34 
32.27 
10.03 
U.17 
12-07 

9.73 
p.Q4 

14-64, 10.56 
12.33, 12.53 

Gas-Liquid Part i t ion Chromatography of Low-Boiling Phenols,,The low- 
boiling mixture of phenols obtained from the  tar was fractionated i n  a vapor phase 
chronatographic apparatus. A 12-foot column of *-inch tubing packed w i t h  Johns- 
Kanville C-22 f i rebr ick,  30-60 mesh, containing 31 weight-percent di-n-octyl 
phthalate was used a t  16OOC., with a ca r r i e r  gas flow rate of 150 cc. helium per 
minute (15 psig. inlet, ou t l e t  a t  1 atm. ) ,  and a 250 microli ter sample. The eff i -  
ciency of t h i s  column was determined u s i n g  a charge of o-cresol and t h e  equation' 
given by Wiebe (11): 

(1 1 

where p = number of theoret ical  plates. 
V,,, =' volume of effluent t h a t  has passed through the c o l m  when the zone maxi- 

m appears i n  t he  effluent. 
Ve = volume of effluent that h a s  passed through the column when a point on the 

elution curve has been reached where the  solute  concentration i s  l/eth of 
t he  maximum. 
A value of 966 theoret ical  p l a t e s  was obtained. 
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The r e su l t s  of fractiopating t h e  t a r  phenols a re  shown in Figure 2. As 
can be seen, there &*e eight obvious concentration w. Traps cons is t i ig  of a 
short length of 12-m. I, D. g l m s  tubing f i t t e d  wLth a rubber serum b o t t l e  cap and 
syringe needle were f i l l e d  d t h  about 1 ml.  of spectro-grade cyc loheme and used 
in an attempt t o  i so l a t e  t h e  components producing the major peaks i n  the  elution 
curve. Infrared cnalysis of t he  solutions corresponding t o  peaks 1 and 2 showed 
beyond any doubt t ha t  t he  compounds respomible  fo r  these peaks were phenol and o- 
cresol, respectively. 
phenol and o-cresol i n  the  collection system made posit ive ident i f ica t ion  of t h e  
c o q n e n t s  responsible f o r  other peaks inrpossible. 
possible by comparing the  r e l a t ive  retention times of t he  various peaks with t h e  
;.elative retention times of individual pure low-boiling phenols under ident ica l  
operating conditions. This comparison is  presented i n  Table 11; in addition, t he  
retention times of the  individual pure phenols a r e  indicated in  t h e  lower p t i o n  
of Figure 2. 

Table I1 

Comparison of Zxperimental Relative Retention 
Times with Times f o r  Individual Phenols 

Peak Relative Retention Time Relative Retention Time - No. t o  Peak 2 (o-Cresol) Compound ICompared t o  o-Cresol) 

However, contamination of subsequent solutions with res idua l  

Further ident i f ica t ion  was made 

1 
2 
3 
4 

5 
6 

7 
8 
9 

0.75 

1.13 
1.31 

(1.00) 

1.53 
1.67 

2.01 

2.16 
2.42 

Phenol 
o-Cresol 

p-Creso 

2,3-Xylenol 
p-Et h ylphenol) 
3,5-Xylenol 
3,&Qlenol 

The areas under each of the  peaks in Figure 2 were obtained by means of a 
planimeter and the  weight-percentages of phenols were calculated fro= these arcas 
and the  t o t a l  area. 
t i v i t i e s  of t he  components are about the  same, being homologs and t h a t  therefore, 
areas under t h e  recorded curves a re  d i rec t ly  proportional to.<he weight percent of . 
the  components (1). 
weight percents calculated from t h e  infrared data given i n  Table I. 

For t h i s  calculation it i s  a s s h e d  tha t  the  thermal conduc- 

These values a re  given i n  Table 111, which also includes the 

Table 111 

Comparison of Infrared and Vapor-Phase Chromatographic 
Analysis of Low-Boiling Mixture of Phenols 

Compound Weight-Percent by IR 
Phenol 22.5 
o-Cresol 
m-Cresol -Cresol q } 21 

4-Xylenol 13 
2.6-X~lenol > 2  

3.5) 16.5 9, 
2,5-Xylenol 

3; S-elenol  
o-Ethylphenol 
m-Ethylphenol 

-Ethylphenol 3, 3-Xylenol 
3,4-xYi enol 

3 
-1 

;-5) 1 

.- 0.8 
4.5 

- 96 

Weight Percent by VPC 
21 
26 

1 13 
5 
3 
2 

t l  j 3  - - 99 
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Figure 1. Fractionation of low-boiling phenol d i s t i l l a t e  i n  
spinning band still.  
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Figure 2. Vapor phase chromatography of low-boiling mixture 
of phenols and retent ion times of individual pure 
phenols. 
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DISCUSSION 

._ 
raphy alone a lo&boiling &we of phenols with as many a s  a dozen components can 
be f a i r l y  well  characterized, both qual i ta t ively and quantitatively.  
no question about t he  ident i ty  of a component f o r  those retent ion times f o r  which 
Calibrations have been made on a l l  theoret ical ly  possible phenols and where t h e  
peaks 'for individual phenols are essent ia l ly  isolated i n  t h e .  
would be peaks 1, 2, 3, and 5. 
obtainable with acceptable accuracy from t h e  areas under these peaks. I n  fact, the 
vapor-phase chromatographic analysis i s  undoubtedly much l e s s  subject t o  quali ta- 
t i v e  and quant i ta t ive errors,  being such a simple and d i r ec t  technique. However, 
it i s  l imited in scope by the d i f f i cu l ty  of resolr ing cer ta in  phenols which have 
very similar pa r t i t i on  coefficients. 

Figure 2 demonstrates t h a t  by means of gas-liquid pa r t i t i on  chromatog- 

There can be 

Examples of this 
I n  addition, t h e  quant i ta t ive analysis i s  always 

', , 

. r  

\ 

\ 

\ 

As can be seen in Table 111 the agreement between weight-percentages of 
phenols by infrared analysis and vapor-phase chromatographic analysis is f a i r l y  
good.- I n  the  case of two compounds, 2,6--len01 and o-ethylphenol, 0- an es t i -  
mate of t he  quantity could be made by I R  analysis, whereas i n  the VPC analysis 
these two compounds gave two d i s t inc t  peaks whose areas  could be obtained with f a i r  
accuracy. 
i n  a fu tu re  paper. 

The extent of f ract ionat ion of higher boi l ing phenols will be described 
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FLUID-BED PRETREATMENT OF BITUMINOUS COALS 
AND LIGNITE AND DIRECT HYDROGENATION 

OF TRE CHARS TO PIPELINE GAS 
by 

R. C. Channabasappa and H. R. Linden 
Institute of Gas Technology 

Chicago, Illinois 

ABSTRACT 

The fluid-bed pretreatment of low-rank Goals in nitrogen, 
air, carbon dioxide and steam atmospheres was investigated in 
a bench-scale unit at atmospheric pressure, and at maximum 
temperatures of 400° to 720°F, in a study of the production of 
non-agglomerating, reactive chars suitable for fluid-bed hydro- 
genation to pipeline gas. Reactivities of the chars in respect 
to methane and ethane production were determined in batch 
hydrogenation tests at 1350°F, approximately 17 standard cubic 
feet of hydrogen per pound of char and approximately 3000 psig 
maximum pressure. 

The results of this study indicated that the optimum pre- 
treatment temperature is 6 0 0 ~ ~  for bituminous coal and 5OOOF for 
lignite, and that there is little variation in the reactivity. 
of the chars produced in nitrogen, air and steam atmospheres. 
The chars produced in a carbon dioxide atmosphere showed con- 
sistently lower reactivity. substantial agglomeration during 
pretreatment or hydrogasification occurred only with high- 
volatile bituminous coal. The extent of agglomeration increased 
with increases in pretreating temperature, and in steam and 
carbon dioxide atmospheres. Under the routine test conditions, 
the chars produced 50 to 55 weight percent (moisture-ash-free) 
of pipeline gas containing 70 to 80 mole percent of methane plus 
ethane upon reaching a hydrogasification temperature of 13500F. 
At higher hydrogen/char ratios , substantially higher conversions 
of pretreated lignite were attained. 
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FLUID-BED PRETREXTMENT OF BITUMINOUS COAIS 
AND LIGNITE AND DIRECT RMROGENATION 

OF THE CHARS TO PIPELINE GAS 
K. C. Channabasappa and H. R. Linden 

Institute of Gas Technology 
Chicago, Illinois 

Studies of methods for supplementing base-load natural gas re- 
quirements have indicated that conversion of coal to high-methane 
content gas, in areas where long-distance transmission lFnes pass 
through Coal fields near the major market areas, may be the most 
economical method for transporting this source of energy to the 
domestic consumer in readily usable form. 
duction of pipeline (900 Btu/SCF*) gas is dlrect hydrogenation of 
low-rank coals to rnethane.3,4,5,7'11,27 In such a process, the 
residual char may be used for hydrogen production by suspension-gas- 
ification with steam and oxygen, or for meeting fuel requirements. 
Essentially complete hydrogasifiaation of lignites and some sub- 
bituminous coals may also be feasible; in t h i s  case hydrogen could 
be produced by reforming of product gas or of a relatively small por- 
tion of the primary natural gas supply. 

Hydrogasification has three major advantages over the production 
of pipeline gas by the two-step partial coal oxidation-synthesis gas 
methanation (1) large reduction, or potential elimina- 
tion, of oxygen requirements, (2) elimination of the extreme synthesis 
gas purification requirements prior to catalytic methanation and ( 3 )  
greater them1 efficiency through reduction of exothermic heats of 
reaction.2e These potential advantages should constitute adequate , 
justification for attempting to determine whether the design of a 
hydrogasification reactor suitable for large throughput rates, and 
with facilities for residual char removal, is feasible. 
of batch reactor tests, engineering studies and operation of pilot 
plant-scale models, it appears that the optlmum design requires fluid- 
bed operation with parallel upward f l o w  of dry pulverized coal and 
hydrogen at temperatures of 1300° to l 4 O O O F  and pressures of more 
than 1000 psig. 
gasification chazacteristics of available coal feeds would be 
essential for successful operation of such a reactor. 

In the first phase of this investigation, it was demonstrated 
in batch reactor tests that essentially olefin-free gases containing 
60 to 80 volume percent methane could be produced by hydrogasifica- 
tion of an Illinois bituminous coal,2e a Wyoming subbituminous coal 
and North Dakota lignite at 135O0F and 2500 to 3500 psig. By adjust- 
ment of hydrogen/coal ratios, gasifications on an ash- and moisture- 
free basis up to 80 weight percent were obtained with bituminous coal, 
and over 90 weight percent with lignite. 

One method for the pro- 

On the basis 

A thorough knowledge of the agglomeration and hydro- 

It was a l s o  noted that after 

Standard cubic foot at ~ O O F ,  30 inches or" mercury pressure, 
saturated with water vapor. 
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preheat-g of these coals in the batch reactor to 6000 to 700°F at 
atmospheric pressure in a nitrogen atmosphere, substantially higher 
rates of Ugh heating value gas production were obtained at the ex- 
pense of converting a relatively small portion of .the coal to low 
heating value gases durbg pretreatment. However, the resid-ses ob- 
tained at the end of hydrogaslfication were agglomerated, the degree 
of agglomeration being most severe with bitumi.mus coal. Since this 
would be detrimental to the smooth operation of a continuous fluid- 
bed hydrogasification unit, the need for a pretreatment step-gielding 
non-aggloloeratitng, reactive chars was indicated. 

conditions has been obtained in the development of processes f o r  the 
production of smokeless f'uels, and in studies of upgading of high- 
moisture content, low-rank coals for power plant, carbonization and 
metallurgical uses. l6 , 20-23 ,25 
of investigations concernedwith Peducing the caking or agglomeration 
tendencies of coal. For this purpose, thermal pretreatment at temp- 
eratures up to 8 0 0 0 ~  for partial removal of volatile constituents, 
often in the presence of an oxidizing atmosphere, is generally 
practiced.6 9 l7 9 l9 9 25 Control of agglomeration by dilution with recycle 
char15 and vi*& inert solids13 has also been recommended. 
in Fnert atmospheres before hydrogenation has been found to result 
in the elimination of a considerable fraction of %e oxygen content 
in the form of carbon oxides, thereby raising the 
content of the coal.2s 

quantity and composition of the gas evolved in the distillation of low- 
rank coals have been investigated extensively. 
show that as the temperature is raised, oxygen-containing substances 
break down to form water, carbon &oxide and carbon monoxide. Highest 
rates of carbon dioxide evolution occur between 4000 and 6 0 0 0 ~ .  As 
temperatures are increased filrther, hydrocarbon and hydrogen evolution 
represents the major portion of the increasing gas yields from bitumi- 
nous and subbituminous coals; lignites tend to evolve mainlg carbon 
oxides. 

A consicierable volume of literature also exists on pretreatment 
of coal with various acids, acid salts, nitric oxide, s u l f u r  or SW 
compounds and caustic prior to hydrogenation.18 However, the relative 
effects of these chemical pretreatment procedures on coal reactivity 
are not clearly aef ined. 

APPARATUS AND P R O C E D W  

The laboratory-scale coal pretreatment unit used in t h i s  study 
consisted of a pyrex fluid-bed retort, 1-3/4 inches inside diameter 
and 30-1/2 inches long with a 3-1/8 inch inside diameter, 15-ind-1 long 
disengaging section. The retort closure was equipped with an 11/32 
inch outside diameter thermocouple well which protruded very nearly to 
the bottom of the reaction zone. 

The retort was heated by tvo circular electric furnaces. The low- 
er one was 5 inches inside diameter and 12 inches long and had a rating 
of 2.5  kilowatts; the upper one was 2-3/8 inches inside diameter and 12 
inches long and had a rating of one kilowatt. The disengaging section 
was heated with an electro-thermal tape. 
with a cyclone separator and a water-cooled condenser. 
sketch of the apparatus is shown in Fig. 1. 

through 100-mesh) 
48;2 the dry coal was charged to the reactor at room temperature and 
was heated to the desired temperature at a rate of about 12OF per minute 

Much of the published information useful Fn selecting pretreatment 

Of particular interest are the results 

Preheating 

available" hydrogen 

The effects of temperature, residence time and atmosphere on the 

These studies 

The unit was also equipped 
A diagramatic 

Three-quarter pound batches of powdered coal (88-98 weight percent 
were dried atllO°C accordFng to ASTM method D 271- 

3 
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THERMOCOUPLES 

PRESSURE 

Fig. 1. -mW DIAGRAM OF FLUID-BED COAL PRETFEATPNT LABOMTORY UNIT 



Measured volumes of nitrogen, a i r ,  carbon dioxide or steam, a t  rates 
suff ic ient  t o  keep the coal bed In a f luidized s t a t e ,  were preheated 
in an e lec t r i c  furnace t o  8000 t o  l O O O o F  and Fntroduced a t  the bottom 
of the r e to r t .  

Temperatures a t  the bottom, center and upper zones of the r e t o r t  
were sensed w i t h  chromel-alumel thermocouples and measured by a 
Wheelco temperature indicator. 
standard mercury manometer. 

The feed gases used as f luidizing media together xFth the f ixed  
gas evolved from the d i s t i l l a t i o n  of the coal charge were passed throU@ 
a 60-millimeter outside diameter f r i t t e d  glass d i sc  kept a t  400°F, and 
a cyclone separator, t o  remove the suspended coal par t ic les  from the 
outgoing gas. 
was measured by wet-test meter and was stored in a gasholder .  Sirmil- 
taneous readings of temperatures, pressures and volumes of i n l e t  and 
out le t  gases were recorded a t  intervals  throughout the progress of t?le 
Tun. 

Gas samples were taken a t  intervals  by bleedFng the sample intc 
an evacuated 200 cc gas analysis bot t le .  A t  the conclusion of the run, 
the e lec t r ic  current was shut off and a composite gas sample was taken 
from the gas holder. After the r e t o r t  cooled, i t  was opened end the 
sol id  residue recovered. The weights of the l iqu id  condensate and of 
the so l id  residue were recorded. 

Co. Model 21-103 mass spectrometer and specific grav i t ies  and heating 
values were calculated from the analyses. 
heatlng values were calculated f o r  the conditions of ~o 'F,  30 inches of 
mercury absolute pressure and saturation w i t h  water vapor, assuming the 
ideal gas l a w .  Specific gravi t ies  were calculated on a dry basis from 
the average molecular w e i g h t  of the gas referred t o  air of molecular 
weight 28.972. 

Since the gas samples taken a t  intervals  dur- the test period 
differed in  composition, the properties of the composite sample taken 
from the gas-holder a t  the end of the runwereused t o  determine the 
w e i g h t  f rac t ion  of the coal charge gasif ied during pretreatment. The 
material balance w a s  calculated from the weights of l iqu id  m d  so l id  
products obtained a t  the end of the mrn, and from the weight of the 
f ixed gas ( t o t a l  weight of outlet  gas l e s s  the t o t a l  weight of the feed 
gas) collected in  the gas-holder. 

The so l id  residue was siibjected t o  a screen analysis to  determine 
the extent of agglomeration and was analyzed l n  accordance w i t h  AsTM 
me.thod D 271-48. 

A n  average sample of the residue from pretreatment was crushed 
t o  minus 60-mesh and was charged t o  a one-l i ter  capacity batch hydro- 
gasification reactor to  determine the gas yields and compositions 
obtainable a t  1350'F and about 3000 psig, employing a hydrogen/char 
r a t i o  of about 17 SCF/lb. 
hydrogasification t e s t s  were described previously.26 

Solid residues obtained In these t e s t s  were again subjected t o  
screen analyses t o  determine the extent of agglomeration. 

Pressures were read from a 15-inch 

The gas, a f t e r  passing through a water-cooled condenser, 

Product gas samples were analyzed w i t h  a Consolidated Fagineering 

Product gas volumes and 

The apparatus and procedure employed in the 

YlELDS AND CHARACTERISTICS OF FLUID-BED PRETREATMENT PRODUCTS 

The proximate, ultimate and screen analyses of the pulverized coals 
used i n  the pretreatment studies are shown i n  Table 1. Before charging 
t o  the bench-scale fluid-bed unit the samples were dr ied a t  l l O ° C .  The 
product yields and compositions &ter pretreatment f o r  50 t o  75 minutes 
i n  nitrogen, a i r ,  carbon dioxide and steam a t  flow of 4 t o  6 sCF/lb 
dry coal-hour and a t  maximum temperatures of 400° to  7 2 0 0 ~ ~  are s m a -  
r ized in Table 2. 
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Table l.-PROXIMATE, ULTIMATE AND SCREZN ANALYSE3 O F  COALS 
USED I N  TESTS 

\ 

Coal - 
mgh- 

Volatile 
“B” 

Proximate Aqalysis, w t  $ 
Moisture 4 . 1  
Volati le Matter 34.6 
Ash 6.2 
Fixed Carbon 

T o t a l  

Heating Value, Btu/lb 
(Dry  B a s i s )  13,790 . 

Ultimate Analysis, w t  $ 
(Dry Basis) 
A s h  
Carbon 
Hydrogen 
Sulfw ’ 

Nitrogen + Oxygen 
(By D i r f  erence) 
Total 

Screen Analysis, w t  $ 
+ 40 Mesn 
+ 60 Mesh 
+ 80 Mesh 
+IO0 Mesh 
+120 Mesh 
+200 Mesh 
-200 Mesh 

Total 

4 .TO 
72 * 50 

4.57 
1.16 

17 07 

100.00 

0.1 
2.5 
0.9 
8.4 
9.1 

20.7 
58.3 

100.0 

SUbb i tu- 
mFnous 

!’At1 

11.0 
38.7 

4 -7 
45.6 

100.0 

12,760 

5.30 
66.60 

4.65 
2.46 

20 99 

100.00 

-- 
0.8 
1.0 

3.2 
5.9 

89.1 
100.0 

-- 

Ugni t e  

22.0 
29.0 
8.1 

40.9 
100.0 

10,800 

10.4; 
65.30 

4.29 
0.31 

19.70 

100.00 

-- 
1.0 
1.0 
0.1 
2 -7 
9.6 

85.6 
100.0 

1 

V 
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Fixed Gases 

creased w i t h  increases i n  pretreatment temperature as i l l u s t r a t e d  by 
the  steam atmosphere data f o r  l i g n i t e  and bituminous coal shown in 
Fig. 2 .  
case of l i gn i t e  and subbituminous coal, and of gaseous hydrocarbons and 
hydrogen in case of bituminous coal. After. attainment of constant tem- 
perature, the rate of gas evolution decreased markedly w i t h  residence 
time as shown in Fig. 3 f o r  steam atmosphere runs w i t h  l i g n i t e  and b i t -  
uminous coal a t  maximum pretreatment temperatures of 520°F and 620°F, 
respectively. 

evolution from bituminous coal a t  a proximately 600°F maxirmUn pretreat- 
ment temperature are shown i n  Fig. .f Carbon dioxide evolution vas 
lowest in a steam atmosphere, probabiy as a result of substant ia l  car- 
bon monoxide formation, and was very rapid in an a i r  atmosphere af ter  
attainment of maximum temperature. The highest hydrocarbon evolution 
occurred in a steam atmosphere and the lowest hydrocarbon evolution 
occurred in an air atmosphere. 

higher than from bituminous coal in a l l  of the pretreatment atmos- 
pheres investigated. 
coal in the 60O0F runs was  approximately 0.5 SCF/lb (dry bas is )  and 
carbon dioxide evolution from lignite in the 500°F runs was about 0 .3  
t o  0.4 SCF/lb (dry bas is ) .  
high oxygen content coals under the above conditions was low and nor- 
mally ranged from 0.1 t o  0.2 SCFbb (dry basis)  w i t h  the hydrocarbon 
formation being even lower in an a i r  atmosphere. 

In a l l  of the runs the cumulative volume of fixed gas evolved in- 

The evolved gases consisted primarily of carbon dioxide in 

The effects  of pretreatment atmosphere on the rate of f ixed gas 

Carbon dioxide evolution f o r  subbituminous coal and l i g n i t e  was 

Total carbon dioxide evolution for subbituminous 

Hydrocarbon evolution f o r  these re la t ive ly  

r- Residual Chars 
The chars showed re la t ive ly  uniform decreases in vo la t i l e  matter 

w i t h  increases i n  pretreatment temperature, independently of other pre- 
treatment conditions (Table 2 ) ;  the effectsof  pretreating atmosphere 
composition on the quantity and composition of fixed gases evolved were 
not ref lected in the proximate analyses. 
selected chars (Table 2 )  a l so  showed l i t t l e  var ia t ion w i t h  pretreatment 
conditions in the 500° t o  700°F temperature range. However, the extent 
of agglomeration varied considerably w i t h  the composition of the pre- 
treatment atmosphere as well as w i t h  pretreatment temperature. This 
is shown i n  Fig. 5 which indicates a well-defined trend of increases 
i n  agglomeration w i t h  increases in temperature f o r  the pretreatment of 
bituminous coal i n  a steam atmosphere, and a tendency f o r  considerably 
greater agglomeration i n  carbon dioxide and steam atmospheres as com- 
pared t o  nitrogen and air atmospheres. The greater agglomeration of 
bituminous coal in steam a d  carbon dloxi&e appeared t G  be related t o  
the large evolution of hydrocarbon gases under these pretreatment con- 
dit ions.  

In  contrast t o  this behavior, subbituminous coal and l i g n i t e  did 
not agglomerate s ign3 ican t ly  over the en t i re  range of pretreating 
conditions. This follows the trend of decreases i n  agglomeration w i t h  
decreases in hydrocarbon evolution. However, subbituminous coal and 
l ign i t e  exhibited some tendency towards increased agglomeration a t  the 
higher temperatures, and i n  steam and carbon dioxide atmospheres. 

In  a l l  the pretreatment runs, the amount of dr ied coal converted 
t o  gases was quite s m a l l  ( 2 .5  t o  9.9 weight percent of charge). 
heatlng values of the t o t a l  product gases was low, normally l e s s  than 
200 Btu/SCF, except in  s t e a m  pretreatment runs i n  which gases w i t h  
heating vaJues i n  the 200 t o  1000 Btu/SCF range were evolved. 

The ultimate analyses of 

The 
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P R E T R E A T M E N T  T I M E ,  M I N U T E S  

Fig. 4. -EFFECT OF GAS ATMOSPRERE ON RA!!X OF EWL;IJTION 
OF CARBON D I O X I E  AND GASEOUS HYDROCARBONS F'ROM 
DRIED ILLINOIS HIGH-VOLATILE "B" BI!TUMINOUS COAL 

SCREEN ANALYSES OF CHARS FROM 
PRETREATMENT IN. VARIOUS ATMOSPHERES 

N. AIR eo. STEAM 
AT 605 -620'F 

+ 4 0  MESH + 200 MESH 

+lOOMESH -200MESH 

Fig. 5.-EF!FECTS OF PFETREAT?4E2iT !lXMPEBATURE & $ $  
GAS ATNOSPHEm ON PARTICLE SIZE DISTRIBUTION OF 
DRIED I U J N O I S  HIGH-VOLATILE! "B" BITWINOUS COAL 



HmROGENOLYSZS CIiARUCTERISTICS OF PRETREATED COAL 

The reactivities of the chars in respect to gaseous hydrocarbon 
formatim were evaluated in batch hydrogasification tests. 
ditions vere: 1000 to 1010 psig Fnitiai hydrogen pressures at Foom 
temperature, approxhately 60- gram sample size, 1350°F maximum reaction 
temperature ana 25 minutes run 6uration at max3im.m temperature. 
charge quantities corresponded to a hydrogen/coal ratio of 17 SCF/lb 
and gave m x l m m  reactor pessures of 2900 to 3300 p8ig (Table 3 ) .  
The char charge to the reactor was obtained by sanplhg the residual 
chars from the pretreatment runs wikh a small riffle sailer end crush- 
ing to minus G O - q s h -  size. 

The threshold temperat-iesreported in Table 3 correspond to 
the point at which the number of moles of gas in the reactor passed 
through a maximum due to initiation of the hydrogenolysis reactions. 
Reactor pressures increased nearly linearly with increases in tem- 
perature up to the threshold temperature (approximately 950° to 1050OF) 
and passed through a maximum at temperatures of 1100O to 1200'F. A s  
the reactor attained the naximum run ten;prature, the presswes de- 
creased rapidly and then continued to decrease at a lower rate during 
the remainder of the run. These characteristics of batch hydrogen- 
olysis were similar to those reported previauslg.2s 

Test con- 

These 

._ - 

Effects of Pretreatment Conditions on Hydrogenolysis Yields 
It can be observed from Table 3 that th e net B t u  recoveries and 

gaseous hydrocarbon yields for each- of the three coals Jnvestigated fell 
within relatively narrow l M t s  because of the similarity in char pro- 
perties. (Net Btu Recovery is defined as the product of gas ield and 
heating value, minus the initial hydrogen heat of combustion.7 However, 
there was a clear indication that optimum conversion to hydrocarbons 
at the time the reactor attained 1350°F occurred with bibmaous and 
subbituminous coal chars prepared at 6000~, and with lignite char pre- 
pared at 5OOOF. Further, when comparing the results with the chars 
prepared at these optimum temperatures in the four Wferent atmos- 
pheres (nitrogen, air, carbon dioxide and steam) the net B t u  recoveries 
of the chars prepared in a cai-bon dioxide atmosphere were lower for 
each of the three coals. 

These data indicate that the occurrence of optimum pretreatment 
conditions insofar as hydrogasification yields are concerned are the 
result of two factors: (1) increase in reactivity of the char to a 
maximum value as pretreatment temperature Fs Lncrsased, followed by 
reactivity decrease as low-temperature carbonization temperatures are 
approached and (2) continuous decrease in the content of relatively 
easily hydrogenable materials as pretreatment temperature is increased. 
T'ne increased quantities of coal converted to liquid products with in- 
creases in pretreatment temperature (Table 2) are a.n indication of the 
l o s s  of the more reactive coal constituents which eventually offsets 
any general increase in reactivity due to pretreatment. 

air-pretreated, and from dried bituminous coal, are compared. 
be seen that at least ten additional minutes of residence time at 
135O0F would be required for the dried coal to yield product gases 
similar to those obtained with pretreated coal at the time the re- 
actor attained 1350OF. In Table 4 the effects of steam and air 
pretreating on hydrogasification rates are shown for bituminous coal 
and lignite. 
is illustrated by the fact that a gas of 67.5 mole $methane plus 
ethane content was produced from the pretreated sample (Run 112) 
upon attainment of a reactor temperature of 1275OP, o r  15 minutes 
before reaching the maximum reaction telliperature of 13500~~ whereas 

In Fig. 6 the rates of methane-plus-ethane production from 7200~ 
It can 

%e increase in the reactivity of the bituminous coal 
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in- th€-coqargbie -test w i t h  the dried coal (Run 67) the product gas 
CoEtained only 21.1 mole 5 me+hme plus ethane a t  &the time a reactor 
temperaiure of 135OGF w a s  attained. 

Pretreatment Losses 
Because of evolution of sGbstantia1 vnounts of gaseous hydro- 

cax-bons and of l iqu id  products &uring pretresment  of  bi txdnous 
coal (Table 2 )  the increase i n  reac t iv i ty  t o  hydrogenation was accom- 
panied by a decrease in ultimate gaseous hydrocarbon yield and net 
B t u  recovery. However, a substantial  portion of these pretrea-tment 
losses can be recovered in the form of fue l  gases produced during 
pretreatment; steam pretreatment o r  bitmxinous coal yields high 
heating value product gases sui table  f o r  addition t o  the pipeline 
gas formed in the hydrogasificatron step.  
is essent ia l  In reduclng or  eliminating agglomeration 03 coking or 
caking coals to  be used as feeds t o  moving-bed o r  fluid-bed hydro- 
gasif icat ion processes s o  that pretreatment losses must be considered 
a character is t ic  of bituminous coal operation. 

The effects  of steam pretreatment on the hydrogasification 
product dis t r ibut ion f o r  dried I l l i n o i s  high vo la t i l e  "B" bitunin- 
ous coal are i l l u s t r a t ed  by Fhms 67 and 112, Table 4 .  N e t  B t u  
recoveries and gas yields are reported on an as received basis as 
well as on the basis of the actual  dried o r  pretreated coal charge 
t o  permit direct  comparisons of the results. It can be seen that 
fo r  approximately equal product gas compositions (after 25 minuzes 
a t  135OOP fo r  the dried coal and a t  0 minutes at 1350°F f o r  the pre- 
t reated coal) substant ia l ly  higher conversions were obtained with 
the dried coal. A clearer picture of the r e l a t ive  yields w i t h  and 
without pretreatment can be gained from the following data sumroarg 
based on 100.0 weight units of moisture-ash-free bitumFnous coal 
and on char or residue yields corrected t o  loo$ material balance 
(the lower conversion of the pretreated coal w a s  probably i n  part 
due t o  the somewhat lower hydrogen/coal r a t i o  employed): 

Further, pretreatnent 

-Steam, 620- 
None Pretreatment (Run PR-19) - 

Char ( Moisture-Ash-Wee) 90.4 -- 
Condensates 4.4 -- 

GO, CO2 1.8 -- 
Hydrogen Trace -- 
Gaseous Hydrocarbons 3.4 -- 

Product 

N e t  Water and Other 

0 Minutes a t  1350°F 2 5  Minutes a t  1350OF 
Hydrogasif icat ion . (m 67) (Run 112) 
Feeds 

C h a r  or  Coal (Moisture- 
Ash-Free) 90.4 

Residue ( Moisture-Ash-Free) 43.1 

Hydrogen 8.9 

Condensate s 1.9 
COY CO2, N 2  3.4 
Hydrogen 1.5 
Gaseous Hydrocarbons 49.4 

Products 

100.0 
9.4 
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The comparative perfornance of dried and air-pretreated (520'F 

m a x i m u m  temperature) l i gn i t e  i s  shown in Run 71 and 140, Table 4. In 
these runs the quantity of sample was reduced t o  correspond approx- 
imately t o  60 grams on an as-received basis .  
demonstrate that essent ia l ly  complete conversion of lignite t o  a 
hf& heating gas i s  possible at short residence times if suf f ic ien t  
amounts of hydrogen are provided. In sp i t e  of  the high i n i t i a l  re- 
ac t iv i ty  of the l ign i t e ,  pretreatment resul ted in further increases 
in react ivi ty  although these increases were re la t ive ly  s m a l l ;  methane 
Plus ethane contents and gaseous hydrocarbon yields ,  upon attaln- 
ment of 135O0F reactor temperature before and after pretreatment were 
60.0 and 74.7 mole $, and 11.45 and 12.25 SC?/lb (as received basis), 
respectively. However, there were o,?ly minor differences in ulti- 
mate net B t u  recoveries and gaseous hydrocarbon yields f o r  the dried 
and pretreated lignite. The higher volumetric gas yields  and weight 
percent hydrogasification gields for  the dr ied l i gn i t e  were primarily 
the result of substantial  carbon dioxide evolution; the pretreated ' 

sample had already evolved most of the carbon dioxide p r io r  t o  hydro- 
gasification. %-AIS, it appears that the major benefit  of' l ignite 
pretreatment would be the increase in product gas heating value (80 
to 90 Btu/SCF on the basis  of the data of Table 4 ) ,  due t o  reduction 
of carbon dioxide content; increases i n  reac t iv i ty  would probably 
not jus t i fy  pretreatment and l i gn i t e  PAS l i t t l e  agglomeration 
tendency. 
tween that of bituminous coal and l i gn i t e  on the basis of less 
complete data than presented f o r  the other two coals. 

Amlomeration of Hydrogasification Residues 
One of the objectives of the hydrogenolysis tests w i t h  pre- 

t reated coals was  t o  determine s variations in agglomeration of the 
hydrogasification residue could be related to pretreatnent conditions. 
A s  noted before, a sample of the char from each pretreatment run was 
ground to  minus 60-mesh t o  approximate constant in i t ia l  conditions. 
Although this procedure was probably Inadequate insofar as the s ize  
dis t r ibut ion of minus 60-mesh part ic les  is concerned, it can be seen 
from Fig. 7 that the degree of agglomeration indicated by the per- 
centage of  plus 40-mesh par t ic les  in the hydrogasification residue 
followed the degree 
pretreatment (FiR. 5 ) .  Increases i n  metreatment temera ture  re- 

This was done t o  

The behavior of subbituminous coal appeared t o  f a l l  be- 

of aglomeration of dr ied bitmanous coal during 
~~ 

sul ted in increased- agglomeration of -the residue, and* agglorneration 
during hydrogasification increased w i t h  various pretreatloent atmos- 

dioxide. 
' pheres in the following order: a i r ,  nitrogen, steam and carbon 

Hydropasification Characterist ics of Low-Temperature Chars 
An indication of the reac t iv i t ies  of low-temperature chars and 

cokes produced w i t h  the Bureau of Mines22J23 and Disco16 processes 
can be obtained by cojxparison of the batch hydrogasification t e s t  
resu l t s  shown i n  Table 5 w i t h  the data f o r  the pretreated coals re- 
ported i n  Table 3. It can be seen that ,over  40 weight percent of 
these low-temperature carbonization products were converted t o  gases 
w i t h  heating values of 760 t o  880 Btu/SGF a t  1350OF and 2400 t o  3100 
psig, employing a hydrogedcharge r a t io  of 17 SCF/lb. 
coal conversions i n  these t e s t s  a r e  quite low, the data nevertheless 
serve to  indicate the poss ib i l i ty  of obta-g high-heatlng value 
gases from non-agglomerating chars from which a major portion of 
reactive coal constituents have been removed under the r e l a t ive ly  

I severe pretreating conditions employed in low- temperature carboni- 
zation processes. 

Although the 
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coNcLusIo~s 
The results of t h i s  study indicated that a representative sub- 

bituminous coal and North Dakota lignite shared re la t ive1  
agglomeration when pretreated i n  a fluid-bed r e t o r t  with 
SCF/lb-hr of nitrogen, a i r ,  carbon dioxide and steam a t  temperatures 
of 400° t o  6000~ and atmospheric pressure. 
bituminous coal agglomerated t o  an increasing degree w i t h  incpeases 
i-? ?retreatment temperature from 5000 t o  700 F. This agglomeration 
tendency w a s  greatest  in carbon dioxide and steam atmospheres, and 
re la t ive ly  small in air and nitrogen atmospheres. The amounts of 
f ixed gases evolved (2.5 t o  9.9 w t  $ of the dry charge) increased 
with increases in pretreatment temperature, and a t  any constant tem- 
perature, the rate of f ixed gas evolution decreased w i t h  increases 
i n  residence time. The predominant constituents in  the gaseous pre- 
treatment products of the bituminous coal were parsff ins  and olef ins ,  
whereas the subbituminous coal and the lignite evolved primarily 
carbon dioxide. 

hydrogasification t e s t s  a t  a maximum reactor  temperature of 135OoF 
and a maximum pressure of approximately 3000 psig, f irst  increased 
t o  a.n optimum value w i t h  increases in pretreatment temperature, and 
then decreased as a result of increased evolution of eas i ly  hydro- 
genable tar and other vo la t i le  combustibles. The optimum pretreat-  
ment temperature appeared t o  be 600% f o r  bituminous and subbituminous 
coal, and 500°F f o r  lignite. Chars produced at constant Pretreatment 
temperature in nitrogen, air  and steam atmospheres shoved l i t t l e  
var ia t ion in react ivi ty .  However, carbon dioxide-treated chars 
showed consistently lower reac t iv i t ies  than nitrogen, a i r  and steam- 
treated chars,_ 

The chars, general, produced 50 t o  55 w e i g h t  percent of 
(moisture-ash-free basis)  of pipeline gas contaTMq 70 t o  80 percent 
of methane plus ethane a t  the time 13500F w a s  reached when using a 
charge of ap roximately 17 SCF of hydrogen per pound of char. 
e r  hydroge&bar ra t ios ,  substantially higher w e i g h t  percent conver- 
sions of lignite t o  gaseous hydrocarbons were obtained. 

end of hydrogasirication t e s t s  i n  general followed the trends of the 
pretreated chars. Steam and carbon dioxide treatments. and h i r z h  

l i t t l e  
t o  6 

A high-volatile "B" 

Reactivit ies of the pretreated chars, as determined In batch 

A t  high- 

The par t ic le  size- dis t r ibut ion of the residues obtained a t  the 

pretreating temperatures, caused greater agglomeration during-hydro- 
gasification. 

react ive chars from l i g n i t e  and subbituminous coal f o r  fluid-bed 
hydrogenation t o  pipeline gas w i l l  be feasible.  Although substant ia l  
agglomeration durlng pretreatment or  hydrogasification w a s  noted w i t h  
bituminous coal, the data also show that chars sui table  f o r  conver- 
s ion i n  a continuous fluid-bed hydrogenation unit could be produced 
by t reat ing the bituminous coal i n  a fluid-bed a t  6009, in atmos- 
pheres of air, nitrogen and possibly steam. 

These data indicate that the production of non-agglomerating, 
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INFRARED SPECTROSCOPY AS A MEANS FOR EVALUATING 
PITCHES FOR USE AS BINDERS IN THE PREPARATION O F  
ELECTRODES FOR THE ALUMINIUM INDUSTRY. D. S. Montgomery 
and F. E. Goodspeed. 
Ottawa, Canada. 

Department of Mines and Technical Surveys, 

/ '  

The infrared absorption spectra of 28  coal tar and 
petroleum pitches were measured to discover the factors responsible 
for the quality of pitch when used a s  a binder in the manufacture of 
electrodes for the aluminium industry. 
derived from coal or  petroleum were associated with a high background 
absorption, and the poor pitches were associated with large proportions 
of CH2 and CH3 groups. 
in aromaticity of the type which gives r i se  to absorption bands a t  6.25 
and 11.4p1 and a decrease in the hydroaromatic structure associated 
with the 6 . 9 5 ~  band. 
absorption was a s  satisfactory a measure of pitch quality as  the 
absorption at 6 . 2 5 ~ .  

The good pitches whether 

c -  

Coal tar pitch quality improved with an increase 

. 
Among the petroleum pitches the background 

. 
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INFRARED SPECTROSCOPY AS A MEANS FOR EVALUATING PITCHES 
FOR USE AS BINDERS IN THE PREPARATION OF ELECTRODES FOR 

THE ALUMINIUM INDUSTRY 

' D.S. Montgomery and F. E. Goodspeed 
Department of Mines and Technical Surveys, Ottawa, Ontario. 

INTRODUCTION 

The perfection that has been achieved in the development of 
instruments for measuring infrared absorption has enormously extended 
the use of this physical property for characterizing substances which cannot 
be obtained in crystalline form. Coals and pitches have Gecently been studied 
by this technique to secure information relating to the chemical structure of 
these complex substances (1) (2). This type of structural information should 
be capable of giving an insight into the reasons for the differences in behaviour 
of different pitches which have hitherto been difficult to explain. The following 
work was undertaken to see  i f  infrared spectroscopy was capable of revealing 
the structural features in a pitch which a r e  responsible for i ts  capacity to act  
as a binder of petroleum coke in the manufacture of electrodes used in the 
aluminium industry. 

Before discussing the infrared spectra in detail it may be helpful to 
review briefly some of the properties of commercial pitches. The pitch which 
is osed to bind together the petroleum coke aggregate on carbonization is itself 
composed of a solid and a liquid phase. 
and high molecular weight hydrocarbons with a low hydrogen to carbon ratio 
which together make up what is known as the quinoline insoluble portion of 
the pitch. The balance of the pitch may be composed of a very wide variety 
of hydrocarbons and hetero compounds, but both these phases play an important 
par t  in determining the quality of the bond. 
pitch binder, a portion of the binder is volatilized during the baking process. 
The portion of the binder that distills out not only makes no contribution to 
the bond, but creates undesirable porosity and cracks in the process of 
disengaging itself. 
and a high pitch coke yield have been considered a s  important cr i ter ia  of pitch 

The solid phase consists, of coke dust 

On heating the coke aggregate and 

For this reason a very  small amount of volatile mater ia l  

3 
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binder quality (3). However the coke dust and other quinoline insoluble 
components in pitch a r e  by themselves incapable of making a good bond 
owing to the lack of mobility that is necessary to wet the petroleum coke 
surfaces and to form a link on carbonization. 

Infrared spectroscopy could not be expected to distinguish between 
the coke dust, consisting of amorphous and graphitic carbon, and the high 
molecular weight hydrocarbons which comprise the quinoline insohble 
fraction, but it might give some indication of the toLal quantity of this class 
of structure that is present due to the intense continuous backgrouncl 
absorption that is characteristic of this class of substance. 
hand it was expected that the contribution which infrared absorptioa 
spectroscopy would make would be in the estimation of the guaiitity and type 
of aliphatic alicyclic and aromatic material  present which in turn would 
determine the quantity of gas liberated and the amount of order  in the 
carbon frame work produced on carbonization. 
tration of large fused aromatic clusters would lead to a larger  quantity of 
graphitic structure on carbonization. 

On the other 

Presumably a kigher concen- 

The attempts of L. P. Charette and G. T. Bischofierger (4) to find 
a simple laboratory test which would define binder quality seemed to present 
an unusual opportunity to conduct a parallel infrared study to test the validity 
of some of the assumptions just  mentioned, and to see i f  infrared spectroscopy 
could reveal some new aspect of the problem of the characterization of pitch 
binders. 

EXPERIMENTAL 

The infrared absorption spectra of a l l  the pitch samples were 
measured using the potassium broinide pellet technique. 
bromide used for this purpose was secured from the Harshaw Chemical 
Company. 
method of sample preparation was suitable. To reduce the particle size 
of the pitches which were hard and dry  a small  high speed vibration mill 
supplied by Research and Industrial Instruments London was used. The 
disintegration of the pitch was accomplished in a cylindrical tool steel 
capsule 3/ 8" I.D. x 1-1/4" in length which was attached to a spring blade 
oscillating in a magnetic field. 
of pitch and two chromium plated steel  ball bearings. To ensure reduction 
the sam$e was vibrated for two hours., The pitches which were too soft to 
be ground were simply weighed onto the top of the appropriate amount of 

The potassium 

As the pitches varied considerably in tarriness no uniform 

The charge in the capsule consisted of 0. 3 g 



potassium bromide. 
weighing .004 g of pitch to the nearest  0.0001 g together with the appropriate 
qxantity of potassium bromide to make the pitch concentration 0.4 percent 
by weight. 
enough benzene was added to cover the mixture. The mortar  w a s  sub- 
sequently covered with a watch glass and allowed to stand for a few minutes 
pr ior  to being uncovered and ground to dryness. The benzene facilitated 
the dispersal  of the pitch throughout the potassium bromide and aided the 
grinding and mixing operation conducted in the mortar.  After grinding to 
dryness the mixture was transferred to a small  beaker and dried to 110-C 
for a t  least  one hour to remove all  t races  of the benzene. 
of moisture were removed by placing the sample in an evacuated desiccator 
over phosphorous pentoxide. 
transferred to a die and pressed. 

The potassium bromide pellets were prepared by 

The mixture was then transferred to an agate mortar where 

The final traces 

Half a gram of the pellet mixture was then 

The spectrometer employed was a Perkin-Elmer Model 21 double 
beam instrument which recorded the absorption in percent transmission 
versus wavelength. 
used to fo'rm the pellet a blank pellet was used in the reference beam. 

To eliminate,any absorption arising from the medium 

.A- 

DISCUSSION OF RESULTS 

On examining all  28 samples of coal ta r  and petroleum pitch in a 
cursory fashion i t  was evident that the coal tar pitches differed substantially 
from the petroleum pitches, and this suggested that the two types of pitch be 
d i s c u s e d  separately. 

Absorption Spectra of Coal T a r  Pitches 

The coal tar pitch spectra shown in Figure I mere characterized by 
eight significant absorption bands which were a s  follows:- 
C-H 3 . 4 5 ~  naphthemic and aliphatic CH, CHZ and CH 

three substituted aromatic absorption bands at 11.4 12.3 and 1 3 . 3 5 ~ .  The 
3 . 3 ~  aromatic C-H band was prominent in pitches of poor quality; however 
as  the pitch quality improved the background absorption increased and the 
band became so small that it was extremely difficult to measure accurately. 
The 3 . 5 ~  naphthenic and aliphatic band and the 7.27 CH3 band also suffer 
from the same defect in that they a r e  readily measured when the pitches 
were of poor quality, but became so small  in the good pitches that they could 
no longer be measured. 

3 . 3 ~  aromatic 
6 . 2 5 ~  aromatic 

C=C 6 . 9 5 ~  naphthenic and heterocyclic CH2 7 . 2 7 ~  aliphatic .3 ' CH3, and the 

-- -- .. . . .. .. ~ -. . 



- 4 -  

Y 

!!? 

c 



I 
i 
I' . 

1%: 

- 5 -  

The 1 3 . 3 5 ~  substituted aromatic absorption band was very 
prominent in all  the coal tar  pitch spectra. 
the intensity &f the absorption between the best and the psorest  of the 
pitches was much less than was  found in the l l . 4 ~  absorption band. The 
standard deviation of the electrode compressive strength predicted from 
the absorptivity at 1 3 . 3 5 ~  was also greater than that obtained from the 
predictions based upon the l l . 4 ~  band. These observations discouraged 
the use of this absorption band. 
between 11.95~ and 1 2 . 5 ~  appeared to be composed of a number of bands 
super-imposed on each other; consequently the shape of the absorption 
curve in this region changed considerably, and the location of the maximu 
was difficult to determine. As the order in which the absorption in this 
region placed the pitches was the same a s  that of the 11.4~ absorption bar. 
which was more clearly defined, there seemed to be little merit  in select  
tkis region for making correlations with the electrode compressive streni 
These observations reduced the number of absorption bands f o r  detailed 
examination to three, the 6 . 2 5 ~  aromatic C=C, the 6 . 9 5 ~  naphthenic o r  
h ~ d r o ~ i o ~ i l a t i c  CH2 and the 11 .4~ substituted aromatic absorption band. 
At each 01 thase wavelengths and a t  several background points the absorpt 
was measured at three pitch concentrations 0.570, 0.4:~ and 0.25% by we 
as shown in Tables I, I1 and III. 

I-Iowever, the difference in 

The substituted aromatic absorption banc 

To test the measure of agreement of.these spectra with Beer 's  
Law, the optical density a t  specific wavelengths was plotted against the 
sample concentration for individual pitches. 
pitches A-1, A-2 and BZ a r e  shown in Figure 2 .  
plotted at  one wavelength for a given sample should give a straight line 
passing through the origin if  Beer 's  Law is obeyed. 
reasonably satisfactory with the largest  deviations occurring at  2 micron: 
where the variations in pellet quality would be expected to have the greata 
effect upon the absorption spectrum due to the scatter of radiation in this 
region. . 

Graphs showing this data for 
The optical densities 

The results seemed 

A cursory examination of the absorption spectra in Figure I in 
conjunction with the electrode zompressive strength data suggested that e 
quality of the pitch improved with increasing background absorption. As 
intense background absorption was associated with the quinoline insoluble 
fraction this result was in accord with the view that the pitch quality imp1 
with increasing pitch coke yield and increasing quinoline insoluble conten. 
This background absorption was 01 a continuous nature upon which were 
superimposed the characteristic absorption bands of the atomic groups 
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T A B L E  I __-- 
P E R  C E N T  TRANSMISSION AND A B S O R P T I V I T I E S  

O F  C O A L  TAR P I T C H E S  
(0.4% C P N C E N T R A T I O N  P E L L E T S )  

C o n c e n t r a t i o n  P e r  C e n t  T r a n s m i s s i o n  
S a m p i c  gm. p i t c h  p e r  2 . 0  4 . 0  6 . 2 5  6 . 9 5  1 1 . 4  13. 35  1 5 . 0  

A- 2 
A - 4  
B - 3  
B - 2  
A - 5  
A- 6 
B - 1  
B - 7  

25. 0 

3 7 . 0  

38. 1 
74. 7 
53. 2 
90. 8 

16. a 

3 8 . 3  

No. gin. p e l l e t  P P P P P II p -  
A - 1  0 .0039 2. 5 16. 3 2 3 . 6  2 5 . 6  42. 7 23. 9 64. 8 
c - 1  0 . 0 0 3 9  1 .0  1 6 . 6  26 .4  2 8 . 7  4 7 . 0  3 0 . 2  7 2 . 9  

0 .0040 3 . 7  

0.0040 8. 3 

0 . 0 0 3 9  14. 0 
0.0040 4 5 . 7  
0 . 0 0 3 9  1 8 . 2  
0 . 0 0 3 8  7 9 . 2  

0. 0040 2. a 

0. 0040 a. 9 

2 8 . 3  3 1 . 5  5 0 . 0  
2 7 . 5  3 0 . 0  4 8 . 0  
3 9 . 4  141 .5  5 7 . 9  
3 8 . 0  4 0 . 3  58 .0  
3 7 . 8  40. 3 57.7  
5 6 . 5  5 8 . 3  6 8 . 2  
4 4 . 0  4 5 . 7  f 6 1 . 0  
5 8 . 8  5 7 . 0  69. a 

33. 0 
31. 8 
3 3 . 7  
39. 2 

40 .0  
40.  7 
39. 2 

38. I 

72. 7 
7 0 . 7  

8 1 . 3  
78. 0 
87. 7 
80. 0 
88. 0 

7 8 . 2  

C o m p r e s s i v e  
S t r eng  t4 A b s o r p t i v i t y  A 

13. u K d  =m 5 “I --O-- bILJ B y5 11b4 l’b” P 

A- 1 
c- 1 
A- 2 
A - 4  
B - 3  
B - 2  
A- 5 
A- 6 
B - 1  
B - 7  

4 4 0  
366  
352 
340 
3 2 0  
300 
2 8 9  
273 
2 6 3  
i a i  

411 ’ 202 

358 . 151 
512 200 

388 194  
270 108  
263 104  
219 107 

a5  32  
190  70  

27 1 2  

161 
147 
137  
140 
101 
105  
108  

63  
91 
58  

152  9 5 . 0  
139  8 4 . 1  
126  7 5 . 2  

96 39. 5 
99  5 9 . 0  

101  61. 3 
59  e 41. 5 
8 7  5 1 . 9  
6 4  4 1 . 1  

131 79. a 

i 3 4  
133  
1 20 
1 2 5  
1 1 8  
102 
1 G7 
100 
100 
107 

43. 2 
35. i 
3 4 . 5  
31. 5 
2 6 . 8  
2 2 . 5  
2 7 . 7  
14. 3 
2 4 . 9  
1 4 . 7  

, 
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T A B L E  I1 

P E R  CENT TRANSMISSION AND ABSORPTIVITIES 
OF COAL TAR PITCHES 

(0.4% CONCENTRATION PELLETS) 

Concentration P e r  Cent T ransmiss ion  
Sample Ern. pitch pe r  2 .0  4 .0  6.25 6.95 11 .4  13.35 15.0 

A-1 0.0039 2. 5 16. 3 23 .6  25. 6 42.7 29.9 64 .8  
No. Em. pellet  ~- P P P P P P P 

c - 1  0.0039 1 . 0  
A-2  0.0040 3.7 
A-4 0. 0040 2.8 
B - 3  0.0040 8. 3 
B-2 0. 0040 8.9 
A- 5 0.0039 14. 0 
A-6 0.0040 45.7 
B-1  0.0039 18.2 
B-7 0.0038 79. 2 

16. 6 26.4 28. 7 47.0 30.2 72 .9  
25.0 28. 3 31.  5 50.0 33.0 72.7 
16. 8 27. 5 30.0 48.0 31.8 70.7 
37. 0 39.4 ( 4 1 . 5  57.9 33.7 78.2 
38.3 38.0 40. 3 58.0 39.2 81 .3  
38.1 37.8 40. 3 57.7 38.1 78 .0  
74.7 56. 5 58. 3 68. 2 40.0 87 .7  
5 7 .  2 44. 0 45.7 61.0 40.7 80 .0  
.IO. 8 58.8 57. 0 69. 8 39.2 88 .0  _ _ _ ~  - 

Compress ive  
S t rengt2  
Q/ =m 

A- 1 
C-  1 
A- 2 
A-4 
B - 3  
B-2 
A- 5 
A-6  
8 - 1  
B-7 

440 
366 
352 
340 
3 20 
300 
289 
273 
263 
181 

41 1 
512 
358 
388 
270 
263 
219 

. 190 
27 

a 5  

202 161 152 95.0 
200 147 139 84.1 
151 137 126 75.2 

140 131 79.8 
108 96 59.5 

99  59.0 I04 105 
107 108 101 61 .3  

32 63  59  41 .5  
70 91 87 54. 9 
12 58 64 41 .1  

194 101 

Absorptivity A 5i 4.-0-- bE25 n4 ir T - F p -  
- 

134 
133 
I20 
125 
118 
102 
107 
100 
100 
107 

48.2 
35.1 
34.5 
3 7 . 5  ' 

26. @ 
22.5 
27. 7 
14.3 . 
24.9 
14.7 
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PER CENT TRANSMISSION AND ABSORPTIVITIES OF 
COAL TAR PITCHES 

(.Os2570 CONCENTRATION) 

Concentration P e r  Cent Transmission 
Sample gm. pitch/gm. 2.0 4.0 6.25 6.95 11. 4 15 

A- 1 0.0026 13.4 39.8 44.1 46. 1 62.5 79.7 
c-1 0.0025 13.2 42.2 48.6 52.2 66.5 84.0 
A-2 0.0026 18.0 43.3 43.1 48. 5 64.7 81.0 
A-4 0.0025 12.0 34.9 45.6 47. 7 63.3 81.0 
B-3 0.0025 26.8 57. 5 60.’0 60. 1 72.4 87.2 
B-2 0.0025 28.0 60.0 55.3 57.8 72.0 86.6 
A-5 0.0025 24.5 50.0 52. 1 53r 7 68.3 85.2 
A-6 0.0025 60.0 82.3 72.2 70.8 78.6 92.7 
B-1 0.0024 41.1 71.0 61.5 62.1 74.3 87.6 
B-7 0.0025 95.0 96.3 ‘70.8 74.3 82.6 93.1 

No. pellet P P P P P P 

Compressive Absorptivity A 
Strength 2.0 4.0 6.25 6.95 11.4 13 

Kg/ cm2 P P P ‘ P  P P 
A- 1 440 342 157 140 132 80.0 38.4 
c - 1  
A-2 
A-4 
B-3 
B-2 
A-5 
A-6 
B-1 
B-7 

\ 366 
352 
340 
320 
300 
289 
27 3 
263 
181 

355 151 
292 143 
363 180 
229 96 
224 90 
244 120 
89 34 

161 61 
9 7 

127 
143 
134 
89 

105 
113 

57 
. 8 8  
59 

114 
123 
126 
88 
97 

108 
60 

’ 86 
51 

71.4 30.7 
74.6 36.1 
78.0 36.2 
56. 0 24. 0 
57. 8 25.6 
66.4 27. 6 
42. 0 13. 2 
53.6 24. 1 
32.6 12.2 
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OH, C=C, CH CH and C=O. These absorption bands were thought to 
be more intense in &e quinoline soluble portion of the pitch and a base 
line technique was tested to see i f  the background could be subtracted 

' %  f r o m  the band height s o  that the contribution of the soluble portion of the 
pitch might be more clearly discerned. 
fruitful approach. 
the absorptivity a t  certain characterist ic absorption band positions. 

2' 

This did not turn out to be a 
A more satisfactory correlation was obtained between 

As a first-approximation it was assumed that there was a linear 
dependence between the electrode Compressive strength and the absorptivity _ I  

at  various wavelengths. 
method of least  squares and the standard deviations and the correlation 
csefficient were calculated a s  shown in Table IV. The standard deviations 
a;id correlation coefficients indicate that the best  results a re  obtained with 
a pitch concentration of 0.4 i)ercent a t  the two aromatic absorption bands 
occurring at  6 . 2 5 ~  and 1 1 . 4 ~  respectively. 

The standard deviation values of the correlations between the 

Thc cquation of correlation was obtained by the 

-- 

absorptivities a t  the three background positions a t  2 ,  4 and 15p, and the 
electrode compressive strength were 32.2, 28.6 and 27.3 Kg./ c m 2  
res2ecIively. 
with increasing wavelength. 
contribution to the scattered radiation made by the pellet a t  longer wavelengths. 
On comparing the above standard deviations obtained a t  the aromatic absorption 
band positions 6 . 2 5 ~  and 1 1 . 4 ~  , which a r e  26.2 and 25.5 kg./ cm2, there is 
a s-Jggestion that this improvement in' standard deviation is due to the improved 
correlation between the Sackground absorption and the electrode compressive 
strength at  longer wavelength. On the other hand the poor Correlation between 
the electrode compressive strength(E. C. S.) and the absorption at 1 3 . 3 5 ~  
suggest strongly that the chemical structure giving r i se  to this band has an 
undesirable influence upon the E. C. S. 

These values indicated a slight improvement in the correlation 
This might be anticipated in view of the smaller 

In Table V a r e  shown the results obtained from the correlation of the 
absorptivities at more than one wavelength with the E. C.S. 
correlations it has been assumed that the E. C.S. could be expressed a s  a 
linear csmbination of the absorptivities a t  various wavelengths. This can 
at best only be considered to be a f i r s t  approximation. 

obtained between the E. C. S. and the absorptivities at the 6 . 9 5 ~  hydroaromatic 
CH 
was obtained between the absorptivities a t  the 6.95~ hydroaromatic band and 
the 6 . 2 5 ~  aromatic band. 
which only involved aromatic absorption bands such as  the 6.25 and the 1 1 . 4 ~  
bands. 

In all  the 

The best correlation 
giving the lowest value of the standard deviation (23.6 kg./ cm 2 ), was- 

Sand and the 1 1 . 4 ~  aromatic absorption band. The next best correlation 
2 

Both these correlations were superior to those 

The correlation between these two absorption bands and the E. C.S. 



- u -  
'i' TABLE IV 

CORRELATION OF THE E. C. S. WITH INFRA-RED 
ABSORPTIVITIES O F  COAL TAR 

PITCHES 

Wavelength Pellet Equation of Standard Correlation 
Correlated Conc.yo Correlation * Deviation Coefficient 

0.5 
0.4 
0.25 

0.5 
0.4 
0. 25 

0.5 
0.4 
0.25 

0.5 -- 

0. 4 
0. 25 

0.5 
0.4  
0.25 

0.5 
0.4 

0.5 
0.4 
0.25 

~ 0 . 5 0 6 ~  + 191 . 
y=O. 404x -r 202 
~ 0 . 5 3  x +  191 

y=o. 935x + 2f0  
y = O .  92 x + 204, 
~ 1 . 0 4  x + 204 

~ 1 . 6 4  x +  140 
F 1 . 8 3  x +  110 
F 1 . 8 2  x +  120 

y=l. 87 x + 122. 
F 2 . 0 1  x f 101 
~ 2 . 1 9  x f  97 

~ 3 . 1 3  x + 109 
F 3 . 5 9  xi- 79 
F 3 . 9 2  x f  73 

~ 3 . 2 0  x - 49 
~ 4 . 2 3  x - 172 

F 5 . 4 9  x;iai 
~ 6 . 0 3  x r t  140 
~ 6 . 6  x t 136 

25.6 
32.2 
30.7 

30.7 
28.6 
34.4 

32.0 
26.2 
37,o 

32.1 

32.9 

30.7 
25.5 

28. s 

30.8 

40.8 
39.3 

30.6 
27. 3 
33.7. 

a. 92 
0 . 8 7 2  
0.885 

0.883 
0.903 
0. as2 

0.874 
0. 916 
0.829 

0.874 
0.901 
0.867 

0.883 
0.925 
0.886 

0.787 
0.802 

0.898 
0.910 
0.860 

2 * Y = Electrode Compressive Strength in Kg/ cm . 
= Absorptivity A at Wavelength Indicated. 
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was slightly inferior to that obtained when using the absorption at the 
two background positions a t  4 and 15p. 
that within this group of coal tar pitches the background absorption and 
the absorption at 6.25 and 1 1 . 4 ~  were probably related. 

F rom this result  it was inferred 

Using the 0.4 percent concentration pellets which give the lowest 
standard deviations the multiple correlations involving the absorptivities 
a t  6.25 with 6 . 9 5 ~  and 6.95 with 1 1 . 4 ~  it was noted that the coefficient 
of the 6 . 9 5 ~  absorptivity is negative while the others a r e  both positive. 
From this it can be concluded that the presence of hydroaromatic hydrogen 
atoms responsible for the 6 . 9 5 ~  absorption tend to reduce pitch binder 
quality while the group causing absorption at  6-25 and 1 1 . 4 ~  tend to 
improve pitch quality. 

To summarize the findings up to this point, aromaticity associated 
with isolated benzene rings giving r i se  to a 3 . 3 ~  band o r  substituted benzene 
rings yielding a 1 3 . 2 9 ~  band are undesirable aromatic structures. 
presence of hydroaromatic rings associated with absorption at  6 . 9 5 ~  also 
reduce pitch binder quality. The chemical structures associated with 
absorption at  6 . 2 5 ~  and 1 1 . 4 ~  a r e  the preferred aromatic structures. 

The 

absorption band a t  1 1 . 4 ~  is considered to be due to strucmres 
and the 12.3~ band is interpreted as  being due to the structure 

say two adjacent hydrogenations on a te t ra  substituted benzene 
r p g ,  while the 1 3 . 3 5 ~  band is due to ortho substitution on the benzene 

ring 8; 
' large number of condensed aromatic platelets. The observation that the 

background absorption increased with increasing absorption in the 1 1 . 4 ~  
region is consistent with what might be expected on increasing the number 
of platelets and the number of stacks of platelets. It was therefore inferred 
from the relation between the electrode compressive strength and the back- 
ground absorption as well a s  the 1 1 . 4 ~  absorption band, that the basic re-  
quirement for a satisfactory coal tar pitch binder was that a large proportion 
of the carbon atoms must be involved in highly condensed aromatic platelets. 

. A proninent absorption band in the 1 1 . 4 ~  region implies a 

The estimation of the E. C. S. from infrared spectroscopy appears 
to be somewhat less  satisfactory than the method devised by Charette (4) 
as the standard deviation reported for both petroleum and coal tar pitches 
was 19 kg./cm2, whereas the lowest value of the standard deviation obtained 
from the correlation of the infrared absorption band intensities was  
23.6 kg./ cm2. 
pitches. 

. 

This value will be recalled only applied to 'Lhe coal tar  

i 
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On examining a 
background absorption, erroneous values were predicted for the E. C. S .  
The reason for this discrepancy was th0ug.h to be due to the fact that the 
low molecular weight solvent used to dilute the pitch contained undesirable 
aromatic structures whose absorption bands were obscured by the intense 
background. 

cut back pitch" which possessed an intense 

Absorption S2ectra of Petroleum Pitches 
0 - --.-> 

The infrared absorption spectra of the petroleum pitches are shown 
in Figure (3) and Tables VI. 
in these pitches than among the coal tar  pitch spectra. 
compressive strength again appeared to be closely linked with the background 
absorption, but certain chemical structural  groups appeared to have greater 
influeace u?on the E. C. S .  than observed in the coal ta r  pitches. The 
petroleum pitches appeared to fall into roughly two classes,  those pitches 
which possess an E. C. S. of 225 o r  less  which transmit approximately 70  
percent of the radiation a t  4. Op and those which have a much higher back- 
ground absorption in this region. 
or less  may be readily determined by visual inspection of the absorption 
curve. 
relation to a strong aliphatic CH band a t  3.45p, a low background absorption 
in the 4. O p  :Teeion, and a relatively strong aliphatic CH3 band a t  7. 2 5 ~ .  
The absorption band a t  6.95p, which was found to,be common to a l l  the 
coal ta r  pitches, was found to shift to 6. 85p in the petroleum pitches as 
the E. C. S .  decreased. 
as  being clue to the increase in aliphatic CH groups. On the other hand 
the be%ter pitches possess an aro-matic CH band of greater  intensity than 
the aliphatic 3 . 4 5 ~  band. 
region was relatively high. 

Much greater  variations were encountered 
The electrode 

The pitches possessing an E. C.S. of 225 

These pitches all possess a weak aromatic CH band at  3 . 3 ~  in 

This shift in absorption spectrum was interpreted 

Also the background absorption in the 4. Op 

Calculations were made following the procedure ,adopted for the 
Correlations were made between the E. C.S. and the coal tar  pitches. 

absorptivity at  2p 6 . 2 5 ~  and 1 1 . 4 ~  and 15p because of the success of this 
technique with the coal tar  pitches and the undesirability of having too many 
special treatments for different classes of pitch. The correlation equations 
relating to the E. C. S .  and the absorptivity a t  each of the above wavelengths 
gave the following standard deviations 31.7, 32.4, 40.5, 34.1, 33.2 
kg. / cm2 as  shown in Table VII. 
the values obtained with coal ta r  pitches a t  similar wavelengths. 
petroleum pitches differed f rom those derived from coal in that the correlatiol 
between the absorptivity a t  the 6 . 2 5 ~  aromatic bard and the E. C. S. was not 
significantly better than obtained a t  the 2p background position. 
implication was that the magnitude of the E. C. S .  was not as closely related 
to the aromaticity in the petroleum pitches as measured by the absorption a t  

Many of the standard deviations exceed 
The 

The 
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Concentration Per Cent Transmission 
1 

Sample gm. pitch/gm. 2.0 4 . 0  6.25 6.95 11.4 15. 0 
No. pellet P P P P P P 

TABLE VI 

PER CENT TRANSMISSION AND ABSORPTIVITY O F  

(0.47'1, CONCENTRATION1 
PETR0LEU.M PITCHES ' 

. .  I 

- 
Absorptivity A Coin pr  es s ive 

St r eng t_h 2.0 4.0 6.25 6.95 11.4 15.0 
K d  cmL P P P P P u 

I D- 1 319 11.3 
F- 1 315 273 167 154 154 93.2 45.0 - -  

I 

G- 1 255 111 38.8 68.2 75.5 61.0 15. 0 
H- 1 254 91.5 30.0 64.0 6 3 .  3 43. 3 15.  0 

i F-2  24 2 214 95.8 89. 2 87.5 55. 5 20.5 
D-2 21 0 35.0 11.8 54.8 73.0 35. 5 10.0 
D-3. 169 24. 3 9.0 32.2 71.0 32.4 11.3 

27.,5 9.5 50. 5 73.0 34.5 12.0 
I E- 2 167 

I- 1 135 48. 5 15.6 51.0 69.0 45. 9 8.8 I 

i 
I 

I 
.- i 
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TAB LE’ VI1 

CORRELATIONS OF PETROLEUM 
PITCHES * 

Wavelength Pel le t  Equation of Standard Correlation 
Correlated Conc. 70 Correlation Deviation Coefficient 

21-L 0. 5 y=o. 42ax t 182 32. 2 I 0.814 
0.4 y=O. 524x t 164 31.7 0. a21 

6 . 2 5 ~  0.5  y=1.23 x t 134 31. 5 0. a21 
0 . 4  y=l. 37 x t’118 32.4 0.813 

6 . 9 5 ~  0. 5 y=i .za  t io9 39.6 0.698 
0.4 y=1.42 x t 100 40. 5 0.701 

1 1 . 4 ~  0. 5 ~ 2 . 1 3  x t  109 34.9 0.774 
0.4 y=2.33 x t 101 34.1 0.790 

15. Op 0.5 ~ 3 . 4 9  x t 167 34.- 4 0.727 
0.4 F3. 9a x t 150 33.2 0.796 

t Pitch D- 1 ’ Not  Included. 
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6 . 2 5 ~  o r  1 1 . 4 ~ .  The correlation between the E.C.S. and the absorptivity 
a t  1 1 . 4 ~  was not a s  satisfactory a s  that noted in the coal ta r  pitches. The 
large background absorption suggests that large molecular aggregates a r e  
present, but there is nothing to suggest that the number of large aromatic 
platelets increases with increasing E. C. S. On the contrary there was a 
suggestion that the 1 3 . 3 5 ~  band becomes more prominent relative to the 
other aromatic bands a t  1 1 . 4 ~  and 1 2 . 3 ~  a s  the background absorption 
increases and the pitch quality improves. 
is excluded this may be interpreted to mean that the high molecular weight 
components derived from oil tend to polymerize in a manner which does 
not yield a large number of large aromatic platelets,' but yields a more 
chaotic carbon frame work associated with a slight preponderance of ortho 
substituted benzene rings. 

If the presence of carbon black 

To secure an insight into the effect of molecular weight upon the 
electrode compressive strength, a ser ies  of hard pitches prepared from 
Lloydminster crude oil were examined. It was previously shown that these 
pitches were derived from this petroleum under conditions where there was 
virtually no thermal cracking, and the increase in hardness was a reflection 
of the increase in average molecular weight resulting from the evaporation 
of the more volatile components. The softening point of these pitches varied 
from 145°F to 288°F (Ring and Ball), increasing with increasing molecular 
weight as may be seen in Table VIII. 

The infrared absorption spectra of this ser ies  of pitches shown in 
Figure 4 possessed all  the prominent absorption bands associated with 
poor pitch quality, that is  to say too little aromaticity and too much aliphatic 
CHZ and CH3. 
the E. C . S .  of pitch sample 1-5 was 7 3  kg./ cm . 
obtainable a t  this low level of compressive strength was poor it did indicate 
that the test electrode was extremely weak. 
2 to 15p increased with increasing molecular weight a s  might be expected, 
however the increase was quite small. 

This poor quality was confirme for the measured value 0: 5 While the precision 

The background absorption from 

. The indications from this work a r e  that even i f  the molecular weight 
of the pitch'is of approximately the right order,  a s  indicated by the softening 
point 203-221°F (Ring and Ball) the quality of the pitch may be very poor. 
The structure of the macromolecules in the pitch appeared to play the 
dominant role in determining pitch quality. 
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TABLE VI11 . . .  ----_-_ 

PER CENT TRANSMISSION AND ABSORPTIVITY 
LLOYDMINSTER PETROLEUM PITCHES 

Concentration P e r  Cent Transmission 
Sample gm. pitch/gm. 2 4 6.25 6.85 15 
No. pellet v P P P P 
5-17 0. 0057 50. 8 78.6 68.0 25. 2 92.2 
5-21 0.0050 85.0 89.8 75.8 37.8 93.0 
5- 1 0.0055 80.6 . 90.0 70.7 35.4 88.0 
6 -6  0.0051 62.8 83.2 64.8 33.0 92.0 
7- 3 0.0061 53.7 83'.8 60.7 27.1 90.9 
7 - 4  0.0058 47.0 79.2 57. 1 27.8 87.8 

Ab s o rp tivi ty 
Sample Softening 2 4 6.25 6.85 15 

No. Point OF. v P . P  P )I 
5-17 145 51.6 18.4 29.5 105 6.3 
5-  21 170 14.0 9.4 24. 2 84.6 6.4 
5 -  1 197 17. 1 8.4 27.5 80. 2 10.2 
6 -6  223 39.6 15.7 37.1 94.5 7. 1 
7-3 252 44. 3 12.6 35.6 , 93.0 6.9 
7 -4  288 56.6 17.6 42. 1 ' 95.8 9.8 
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COMPARISON OF TEE THERMAL DECOMPOSTI'ION OF THE COPPER SALTS WITH THE 

, COPPER-QUINOLINE DECARBOXYLATION METHOD 

R .  S. Montgomery and E.  D.  Holly 

The Dow Chemical Company 

ABSTRACT 

The ' copper -quinoline decarboxylation method has produced appreciably 
d i f f e ren t  results than has the  thermal decomposition of copper salts of t he  
acids obtained by the  controlled oxidation of bituminous coal.  Therefore, a 
study w a s  made of these two decarboxylation nethods i n  order t o  determine t h e i r  
r e l i a b i l i t y .  
copper-quinoline method while the  other'method produced only p a r t i a l  decar- 
boxylation. 
naphthoic acid,  however, w a s  converted t o  methylnaphthalene during the course 
of the  copper-quinoline decarboxylation. The thermal decomposition, on the  
other hand, produced the  lactone of 2-hydroxy-2'-biphenylcarboxylic acid and 
probably other oxygenated nuclei .  These pecu l i a r i t i e s  of t he  methods must be 
taken i n t o  account i n  in te rpre t ing  the  r e s u l t s  of t h e  decarboxylations of the 
coal acids.  

Essent ia l ly  complete decarboxylation w a s  obtained with the 

A portion of the  naphthalene obtained by the decarboxylation of 

i 
d 

* * * * * * * . *  
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COMPARISON aF THE THERMAL DECOMPOSITION OF TEE COPPER SALTS WITH 

THE COPPER-QUINOLINE DECARBOXYLATION METHOD 

R. S. Montgomry and E D e  Holly 
The Dow ChemScal Company 

5 

The s t ruc tures  of the  acids obtained by  t he  controlled oxidatio? of 
bituminous coal have been investigated b y  deczboxylat ion followed by 
separation and ident i f ica t ion  f the nuclei .  The results of decmboxyiatiori 
by the copper-quinoline methodfJ2 and by thermal decomposition of the copper 
salts3t4 w e r e  appreciably d i f f e ren t  - 
and l e s s  complete decarboxylation of the acids resulted when the thermal 
decomposition of the  copper salts w a s  used. 
mixture that approximated the coal acids as closely as  possible V E S  iscar- 
boxylated by both of the  methods and the  products and t h e i r  am;~- . rs  -..rere 
compared. 

Much la rger  yields of oxygenate? nuclei 

In  the presenr s5driy a node1 

f EXPEIIIMEXTAL 
(, 

A mixture of aromatic acids w a s  m a d e  t h a t  woald resemble the rrixt-ze 

proportions of acids possessing the  benzene, naphthelene, zn6 biphecyl zuc le i  
were. the same although the func t iona l i t i es  of the naphtialene and bigtenyl 
carboxylic acids were lower than the aci-ls of t k  same nuclei i n  the  .zeal 

were included i n  the  m o d e l  mixtllre although there 1s 40 .-videme tha t  these 
nuclei  are ac tua l ly  present i n  the  coal ecid mixture. This vas done because 
it has been suggested t h a t  these types of n u s l s i  verc present but nos detected 
owing t o  the  experimental techniqu.es used. T?le : c ~ ~ j i t i o n  of t‘ne nodel 
mixture is given i n  Table 1. 

I obtained b y  t h e  controlled oxidation of bituminou coa l ,  .The apprsxiznte 

\ 

\ acid mixture. Furoic acid and an a l ipha t ic  acid Toctzining I pyrene cuclelis 

1 

? 

Nucleus ’ A2id Proportion, 5 
Benzene Benzoic acid 0.94 

o-toluic acid 0.54 
m-toluic acid 0 .47  
p-isopropyl3enzoic, acid 0.47 
o-phthalic acid 12  19 

(1) 
(2)  
(3) J. Entel ,  J. h e r .  Chem, SOC. 77, (1955) 611 , 

(4)  

R .  S.  Montgomery, E. D.  Holly, and R .  S .  Gohlke, FUEL, Lond, 3, (1956) 45 
R .  S. Montgomery and E .  D .  Holly, FUEL, Loxd. 36, (1957) 65 

R .  S. Montgomery and E .  D. Holly 
- 

1’ 
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TABLE 1 (contld) 

, Nucleus Acid Proportion , $ ' -  

Naphthalene 

Biphenyl 

Furan 
. Propylpyrene 

m-phthalic acid 
p-phthalic acid 
t r i m e l l i t i c  acid 
tr imesic acid 
pyromelli t ic acid 
1-naphthoic acid 
2-naphthoic acid 
diphenic acid 
a-( 1-pyrene) Putyr ic  acid 
furoic  acid 

3.96 
2.89 

20.07' 
9.79 
8.87 
9.59 

18.85 
0.94 
0.9 

100.00 

9.48 

Decarboxylation using the Copper-Quinoline hkthod. - A 40.0 g. portion of the  
model mixture w a s  mixed with 12.0 g. of anhydrous copper su l fa te  and 120.0 g. 
of f reshly d i s t i l l e d  quinoline and allowed t o  stand overnight. The f lask  that 
contained the mixture was f i t t e d  with a re f lux  condenser and the condenser 
vented through a cold t rap .  
heated under slow ref lux f o r  nine days. The re f lux  temperature had gone down 
t o  205' a f t e r  three days but a f t e r  four days had r i s e n  again t o  218O where it 
remained f o r  the duration of the Oecarboxylation. This w a s  doubtless caused 
by the formation of benzene and other low-boiling nuclei  and the subsequent 
loss of some of these products. After the  react ion mixture had been cooled t o  
room temperature, carbon te t rachlor ide was added and the  resulting solut ion 
washed with 325 m l .  of 2 6  hydrochloric acid.  The insoluble tar was f i l t e r e d  
out of the mixture and the layers  separated. The aqueous layer  vas washed 
with carbon te t rachlor ide and discarded. A t o t a l  of about 575 m l .  of carbon 
te t rachlor ide was used. 

It WBS maintained at 160" overnight a d  then 

The carbon te t rachlor ide layer was  extracted with 100 ml. of 5$ spdium 

After the  e ther  had been allowed t o  evaporate 
hydroxide solut ion and the basic ex t rac t ,  i n  turn,  ac id i f ied  and extracted 
with about 100 ml. of ether .  
a t  room temperature, a residue of 0.03 g ,  of a viscous yellow o i l  was obtained. 
This o i l  w a s  examined by means of a 200° inlet mass spectrometer a d  the 
r e s u l t s  axe given i n  Table 2. 

TABLE 2 

Component Weight, g. 
Mass 170 (phenylphenol)* 0.002 
Mass 142 0.0006 
Mass 136 (C, phenol)** 0.0002 
Mass 122 (C, phenol) 0.002 
 ass ~ 0 8  (cresol)  0.001 

TXzr 
..) . * Tentative ident i f ica t ions  are given i n  parenthesis 

** This notation designates phenol subst i tuted with three 
saturated carbon atoms, i . e .  propylphenol, methylethyl- 
phenol, o r  tr imethyl phenol. 

-> 
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The mass spectrum a l s o  indicated that in  addi t ion t o  the components l i s t e d ,  
the o i l  contained a co$lex mixture of high molecular weight mater ia ls .  

by means-of a mass spectrometer. 
contained 0.09 g.  of furan, 0.9 g. of benzene, and 0.04 g. of toluene. 

The low-boiling material  obtained from the  cold t r a p  w a s  a l s o  analyzed . 
I n  addition t o  sulfur  dioxide and water, it 

Most of the solvent w a s  removed from the carbon te t rachlor ide  solut ion 
containing the neut ra l  components using a 12 inch Vigereux column. 
t o  the carbon te t rachlor ide,  the d i s t i l l a t e  contained 4.5 g. of benzene and 
0.w g. of toluene. The residue w a s  examined using a 200' i d e t  mass spectro- 
meter and the results are tabulated i n  Table 3. 

I n  addition 

3 

Component 

Biphenyl 
Methylnaphthalene 
Naphthalene 
Cq benzene 

~ 

Weight, g .  

4 -66 
0.37 
5.78 
0.16 

Toluene - 0.13 
> ll.l 
\,- 

Decarboxylation using Thermal Decomposition of the Copper S a l t s .  - A 40.0 g. 
portion of the model mixture was mixed with 16.0 g. of basic  copper carbonate 

, (CUCO~'CU(OH)~) i n  enough w a t e r  t o  produce a solut ion volume of about 160 ml. 
The mixture was heated for  2 hours on a steam bath and then charged t o  a 

2 hours and then maintained a t  250 - 260' f o r  26 hours. 
time, the pressure had reached 750 p s i .  The autoclave was careful ly  vented 
and the contents washed out with both water and carbon te t rachlor ide .  The 
mixture was made basic and the dark colored, insoluble residue f i l t e r e d  out 
and discarded. 

'.\ . 320 ml. s ta in less  s t e e l  autoclave. The autoclave w a s  heated at 1-50" f o r  about 
After t h i s  length of 

The aqueous, basic  ex t rac t  w a s  then acidif ied thereby prec ip i ta t ing  a 
tan-colored material .  The composition of this tan, insoluble mater ia l  was 
investigated using a 200' i n l e t  mass spectrometer. It contained 3.7 g.  of 
benzoic acid and 2.6 g. of naphthoic acid.  A s igni f icant  amount of a mass 
73 fragment (4H2-CH2-COOH) was a l so  found but no peak was detected a t  the 
molecular weight of t h i s  component. The mixture a l s o  contained small amounts 
of mass 198 (a-phenylbenzoic acid) ,  196, 170 (phenylphenol), 168, and 164 
(isopropylbenzoic acid) - 

Most of the solvent w a s  removed from the carbon te t rachlor ide  solut ion 
, of the neutral  components using a 12 inch Vigereux column. The d i s t i l l a t e  
"I contained 0.65 g. of benzene, 0.1 g. of toluene, 6.18 g. of naphthalene, and 

0.21 g. of biphenyl i n  addition t o  the carbon te t rachlor ide.  
of the residue as determined by i t s  mass spectrum is given i n  Table 4. 

The composition 

J 
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TABLE 4 

Component Weight, g. 

Biphenyl 3.5 
3'.2 Naphthalene ,. 

C 3  benzene c 0.05 
Toluene 

I n  addition t o  t h e  nuclei  l i s t e d ,  s m a l l  amounts of masses'202, 196, and 168 
were a l so  found. . .  

Since small amounts of unexpected nuclei  were found i n  the residue, it 
w a s  chromatographed so t h a t  they could be more pgsi t ively ident i f ied.  
portion w a s  chromatographed using a 1 x 14 inch column f i l l e d  with about 150 g. 
of alumina. The solvents used t o  e l u t e  the column are  tabulated i n  Table 5. 

TABLE 5 

A 9.60 g. 

\ 

Fraction Solvent Volume, m l .  

Carbon te t rachlor ide 225 
500 

Z Acetoni t r i le  225 
500 
100 5 

9% ethanol 250 
450 

6 
7 

0 ,  It  
1 

- <  2 

" G 

1, 

The f irst  par t  of the solvent was removed on a steam bath under reduced pressure 
and the remaining solvent removed by means of a, J e t  of air a t '  room temperature. 
Fractions 1 and 2 were not taken t o  dryness t o  avoid losing the more v o l a t i l e  
components. The f rac t ions  were examined by means of a 200' inlet mass spectro- 
meter. The f i r s t  t w o  f rac t ions  contained only biphenyl and naphthalene. FractYon 
3 contained a mixture of s m a l l  amounts of many components while the later 
fract ions contained almost exclusively mass 196. 
be the lactone of 2-hydroxy-2'-biphenyl carboxylic acid by i t s  infrared spectrum. 
The t o t a l  weights of the various components of these f rac t ions  based on the 
t o t a l  weight o f  the residue rather  than the 9.60 g.  actual ly  chromatographed 
are tabulated i n  Table 6. , 

This mass 196 w a s  shown t o  
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TABLE 6 

Component Weight, g.  

Mass 232 (phenylnaphthylketone) . 0.05 
Pyrene 0.W 
Lactone of 2-hydroxy-2 -biphenylca.rboxylic acid 
Biphenyl 3.0 
Maphthalene 3 -1 

0.4 

\ 0.08 
Mass 149 ( f r q g e n t )  -\ 

Very small amounts of the  following components were also found: Mass 220, 
mass 208, mass 182 (benzophenone), mass 180 (fluorenone), Mass 168 (biphenylene 
oxide), and possibly Mass 280. 
u l t r a v i o l e t  spectra.  

The pyrene w a s  ident i f ied  by, i ts  mass and 

RESULTS 

The amounts of the  various nuclei  found using each of these decarboxylation 
methods are tabulated and compared with calculated amounts i n  Table 7. The 
amounts found using the copper-quinoline method generally agreed-very w e l l  with 
the calculated amounts. This agreement would probably be even b e t t e r  i f  a 
larger  amout of the mixture had been decarboxylated. 
v o l a t i l e  components, benzene and furan, t h a t  were obtained ,were substantually 
below the calculated amounts. T h i s  w a s  doubtless due t o  the long react ion 
time t h a t  w a s  used. 
obtained by the controlled oxidation of bituminous coal were decarboxylated 

The amounts of the most 

Low yields  of benzene were a l so  obtained when the  acids 

* . using this-method and a long react ion t i m e . 2  
the  furan nucleus survived the decarboxylation. This indicates  t h a t  since 
no furan w a s  found i n  the  decarboxylation products of the coa l  acids,  the 
furan r ing  i s  probably not present i n  the eo& acids.  
derivative of pyrene w a s  found i n  the neut ra l  decarboxylation products indicat ing 
that a-(1-pyrene) butyr ic  acid w a s  not decarboxylated. 
since it i s  an a l ipha t ic  acid and not an aromatic acid as are  the others.  

It i s  in te res t ing  t o  note t h a t  
\ 

Neither pyrene nor any 

This i s  not unexpected 

-J 
An'unexpected product of the copper-quinoline decarboxylation of the  - 

model mixture w a s  nethylnaphthalene. Apparently about s i x  per cent of the 
naphthalene was converted t o  methylnaphthalene during the decarboxylation. 
This presence of methylnaphthalene where there  should be none cas t s  doubt on 
the large amounts of methylnaphthalene obtained from the coal acids and reported 
i n  our e a r l i e r  paper.2 
decarboxylation products of the coa l  acids have been much more variable than 
have the amounts of any other nucleus. 
naphthalene tha t  was  found i n  the decarboxylation products was  actual ly  present 
8s naphthalene i n  the or ig ina l  acid mixture. 

The amounts of methylnaphthalene found i n  the  

It is l i k e l y  t h a t  some of the  methyl- 

,- 
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Very s m a l l  amounts of phenols were a l so  found i n  the copper-quinoline 
decarboxylation products of the model mixture. 
doubtful if much can be concluded from the small amounts of phenols found i n  
decarboxylation products of the coal acids .  

The thermal decomposition of the copper salts of  the model mixture resul ted 

Because of t h i s ,  it is 

i n  a much l e s s  complete decarboxylation. No furan and no propylpyrene were 
found i n  the products although a small mouzzt of pyrene i t s e l f  w a s  detected. 
A signif icant  amount of the lactone of 2-hydroxy-2'-biphenylcarboxylic acid 
was found doubtless a r i s ing  fron the  l iphenic acid.  Smal l  amounts of mass 
232 probably phenylna_chtiylbtone, and other oxygenated produxs  were a l so  
obtaimd by using t h i s  decarboxylation nethcd. Therefore, the lactone of 
2-hydroxy-2~-biphenylcarboxylic acid and probably the 9-fluorenone and the 
biphenylene oxide reported by Entel3 and by us i n  a previous paper4 are 
a r t i f a c t s  of the decarboxylation method and not present as  such i n  the coal 
acids. These nuclei  were found by using the therza l  decarboxylation method 
but not by using the copper-quinoline method. Larger a o u n t s  of benzophenone 
were a l so  found by using the thermal decomposition of  the co2per salts an& so 
probably some of t h i s  oxygenated nucleus i s  a lso an a r t i f a c t  of the wthod.  
Small amounts of phenols are probably a l s o  present in  the decaxboxylatior 
products as they were when the copper-quinoline method was usec but :hey wme 
masked by the large amounts of undecarboxylated and p a r t i a l l y  decsrbcxylatec 
acids recovered. -.. 

CONCLUSION 

The copper-quinoline decarboxylation method seems t o  be qui te  re l iab le  
and t o  provide a good estimate of the amounts of the various nuclei  p ro  sent.  
Signif icant  amounts of methylnaphthalene, however, w e r e  fount vhere only 
naphthalene should have been found. Therefore, some o f  the methylnaphthalene 
and perhaps some of the other methyl subst i tuted aromatics reported i n  the 
previous papers1J2 as occuring i n  the acids obtained by the controlled 
oxidation of bituminous coal maytbe a r t i f a c t s  and not actual ly  present.  
thermal decomposition of the coppsr salts resul ted i n  a much l e s s  complete 
decarboxylation of the model mixture and, i n  addition, resul ted i n  the formulation 
of oxygenated nuclei .  The lactone of 2-hydroxy-2 ' -biphenylcarboxylic acid 
which i s  present i n  the thermal decarboxylation products of the coal acids3,4 
is probably obtained from a diphenic acid type precurser since it was also 
found i n  the decarboxylation products of the model mixture. It a l s o  seems 
l ike ly  t h a t  the 9-fluorenone and the biphenylene oxide and some of the 
benzophenone t h a t  w a s  found when t h i s  decarboxylation method was used are a l s o  
a r t i f a c t s  of the method. 

The 

1 ab 
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SPRUcmTRES OF TEE ACIDS OBTAINED BY OXIDATION OF BITUMINOUS COAL- 

THERMAL DECARBOXYLATION OF THE COPPER SALTS 

R. S . Montgomery .and E .  D. a o l l y  
The Dow Chemical Company 

ABSTRACF 

The chemical s t ructures  o f  the aromatic acids obtained by the  controlled 
oxidation of bituminous coal were investigated by thermal decarboxylation of 
the copper s a l t s  followed by separation and ident i f ica t ion  of the products. 
This decarboxylation method allows the ident i f ica t ion  of the  nitrogen-con- 

. 
ta ining nuclei .  The use of t h i s  method, however, resul ted i n  a less complete 
decarboxylation and much greater yields  of oxygenated nuclei  than did the  
copper-quinoline method. 

* * * * * *  
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New Yo2.k City Meeting, Sept. 8-13, 1957 

Presented Before the  Division of G a s  and Fuel Chemistry 

STRUC!XJRES OF THE ACIDS OETAINED BY OXIDATION OF BITUMINOUS COAL- 
THERMAL DECARBOXYLATION CF THE COPPER SALTS 

R .  S. Montgomery and E. D .  Holly 
The Dow Chemical Company 

In our previous papers1j2 the chemical s t ruc ture  of bituminous coal was ’ 

studied by invest igat ing the nuclei  of the aromatic acids  obtained on con- 
t r o l l e d  oxidation. 
t h i s  work because with it very small amounts of hydrocarbons can be ident i f ied  
i n  ra ther  complex mixtures. 
carr ied out using the copper-quinoline method. 
generally sa t i s fac tory  but with it the small amounts of the basic ,  nitrogen- 
containing nuclei  could not be detected owing t o  the  large quant i t ies  of 
quinoline t h a t  are used i n  the reaction. Therefore, the  coal acids  have been 
decarboxylated using an a l te rna te  method. The thermal decomposition of the 
copper salts of the acids w i l l  bring about decarboxylation without the use of 
quinoline and s o  allow the  determination of the nitrogen-containing nuclei  i n  
addition t o  the neutral  and acidic  nuclei .  Another reason f o r  investigating 
t h i s  a l te rna te  decarboxylation method was that E n t e d ,  by using t h i s  method, 
found s ignif icant  amounts of 9-Kiw~renone, biphenylene oxide, and the lactone 
of 2-hydro~y-2~-biphenylcarboxylic acid t h a t  we were unable t o  detect  using 
the  copper-quinoline method although we had been able  t o  account.for sub- 
s tantual ly  a l l  of the nuclei .  

The mass spectrometer was found t o  be idea l ly  suited t o  

I n  the previous work the decarboxylations were 
This method was found t o  be 

EXPERIMENTAL 

The acids used i n  t h i s  study w e r e  obtained from The Coal Research 
Laboratory of the Carnegie I n s t i t u t e  of Technology and w e r e  the  same as those 
investigated i n  our previous papers. 
an aqueous alkal ine suspension of Pocahont,as No.  3 bituminous coal  by gaseous 
oxygen a t  270’ and t o t a l  pressures of about 900 psig.  

Decarboxylation. - The decarboxylation was carr ied out by the method used by 
Entel .  A solution of 1.0 kg. of the coal  acids i n  1.0 1. of water w a s  made 
and 380 g. of basic  copper carbonate (1.7 mole CuCO3 -CU(OH)~) was added i n  
small quant i t ies  with s t i r r i n g .  
a f t e r  cessation of the  evolution of carbon dioxide the reac t ion  mixture was 
s t i r r e d  and heated f o r  one and a half  hours on a steam-bath. 

They were obtained by the oxidation of 

To ensure the completion of the reaction, 

(1) 

(2) 
( 3 )  

R. S. Montgomery, E .  D .  Holly, and R .  S. Gohlke, FUEL, Lond. 5, 
(1956) 49 
R. S. Montgomery and E.  D .  Holly, FUEL,Lond. 6, (1957) 63 
J. Entel ,  J. Amer. Chem. SOC. 77, (1955) 611 

. ... -. . 
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This aqueous suspension of the copper salts of these acids  was made up 
t o  a volume of 2.0 1. and charged t o  a f o u r - l i t e r ,  s t a i n l e s s  s t e e l ,  external ly  
heated, shaking autoclave. The autoclave w a s  flushed with nitrogen and 
heating and shaking of the autoclave was s ta r ted  and maintained f o r  24 hours 
a f t e r  reaching a temperature of 250". 
was 3180 psig.  
through two Dry Ice-methylene chlor ide-f i l led cold t raps .  
very low-boiling l iquid was obtained i n  the cold t raps .  

The pressure a f t e r  t h i s  length of time 
After cooling t o  room temperature, t h e  autoclave was vented 

Just  5.6 g. of a 

I n i t i a l  Separation. - The autoclave contained two layers .  The aqueous layer 
w a s  almost c lear  and color less  while the o i l  layer w a s  ra ther  dark-colored 
and t a r r y  appearing. 
well  with both water and carbon te t rachlor ide before discarding it. About 
2 1. of carbon te t rachlor ide was used.. 

The residue on the bottom of the  autoclave was washed 

The acidic  products of  the decarboxylation were separated by making the 
This aqueous layer  react ion mixture basic and separating the aqueous layer .  

was i n  tu rn  acidif ied and the acidic  nuclei  extracted by means of carbon 
te t rachlor ide.  
soluble i n  e i ther  water or carbon te t rachlor ide.  This was presumably the  
p a t i a l l y  decarboxylated acids.  

A large amount of sol id  mater ia l  was obtained t h a t  was not 

The or iginal  carbon te t rachlor ide solution from which the acidic  mater ia l  
had been removed was then extracted with water t o  which had been added a l i t t l e  
su l fur ic  acid.  The basic  nuclei  were obtained by making t h i s  ex t rac t  basic  
and then extracting it with carbon te t rachlor ide.  
chloride solution from which both the acidic  and basic  components had now 
been removed contained only the neut ra l  decarboxylation products. 

The or ig ina l  carbon t e t r a -  

Work-up of the Carbon Tetrachloride Extracts.  - Most of the solvent was re-  
moved from the carbon te t rachlor ide solutions of the neutral ,  ac id ic ,  and 
basic  decarboxylation products a t  atmospheric pressure using a 50 inch 
concentric-rod type column. The d i s t i l l a t i o n  fract ions were examined by 
means of a 200' i d e t  mass spectrometer and i n  some cases an u l t r a v i o l e t  
spectrometer. 
te t rachlor ide solution containing the acidic  components was. vacuum d i s t i l l e d  
i n  order t o  obtain more accurate estimates of the amounts of the various com- 
ponents. 

The residue from the atmospheric d i s t i l l a t i o n  of the carbon 

The weights of the components are  given i n  Table 1. 

1 
i 
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TABLE 1 

Compound Weight, g .  

Mass 198 (carboxybiphenyl)* 1. 
wss 196 2. 
M ~ S S  172 0*3  
Mass 170 (phenylphenol) 1. 
Biphenylene oxide 0.2 
Mass 166 (phthal ic  acid)  0.1 
Biphenyl 0.1 
Toluic acid 3.2 
Naphthalene 0 -7 
Benzoic acid 11.7 
Cresol 0.03 
Phenol 2.5 

*Tenta t ive  assignments a re  given i n  parenthesis.  

The carboxylic.acids present represent 0.8 g ,  of biphenyl, 1.9 g .  of  toluene, 
and 7.2 g. of benzene. 

The 
Table 2.  

weights of the various basic  decarboxylation products are  given i n  

TABLE 2 

Compound Weight, g. 

Phenanthridine 0.2 
Phenylpyridine 4.1 
Quinoline 0.: 
Pyridine preseat - 

The phenanthridine was ident i f ied by means of its u l t rav io le t  spectrum. 

The solvent t h a t  was stripped from the carbon te t rachlor ide solution 
containing the neutral  decarboxylation products contained a t o t a l  o f  75.9 g. 
of benzene, 1.9 g .  of toluene, and 18.9 g. of methylethylketone. 
weight of the residue from t h i s  d i s t i l l a t i o n  was 165 g. 
was vacuum d i s t i l l e d .  

The t o t a l  
A 106.6 g .  portion 

The r e s u l t s  are tabulated i n  Table 3. 

TABLE J 

Fraction Temperature Weight, g.  

1 35"/160 mm. t o  48"/160 mm. 10.60 
2 76"/1.0 mm. t o  97"/0.6 mm. 10.85 
3 87"/0.3 mm. t o  141."/0.6 mm. 15.68 
4 159"/0.7 mm. to 181"/0.6 mm. 20.67 

residue 44.55 
loss 4.2 
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These fract ions were examined by means of a 200" i n l e t  mass spectrometer and 
the r e s u l t s  given i n  Table 4. 
ra ther  than the 106.6 g. actual ly  d i s t i l l e d .  

The weights are based on the  e n t i r e  165 g. 

TABLE' 4 

Component Fract .  1 Fract .  2 Fract .  3 Fract .  4 

a-phenyl naphthalene --- 0.07 0.3  4.1  
Terphenyl --- 0.02 g. 0.05 g. 0.6 g. ~ 

wss 196 --- 0.2 0.2 3.8 
Benzophenane --- 0.3 6.4 6.7 
9-Fluorenone --- --- --- 

6 -7 Phenanthrene --- --- --- 
Biphenylene oxide --- 1.7 12.6 1.5 
Biphenyl --- 6.5 7.9 0.3 
wss 152 --- --- 
Methylnaphthalene --- 0.2 --- --- 
Naphthalene 0.02 g.  7.6 0.9 
C2 benzene 0.05' --- --- --- 
Toluene 0.6 --- ---- --- 
Benzene 0.: 

7 -0  

--- 1. 

--- 

--- --- --- 
This notation indicates benzene subst i tuted with two saturated 
carbon atoms, i .e. ethylbenzene o r  xylene. 

There were also small amounts of masses 198, 146, 154, 122 and 120. The 
residue w a s  about 8 6  non-volatile i n  the mass spectrometer. 
terphenyl,, biphenyl, and masses 204, 202, 196, 182, 180, 178 and 168. 

It contained 

\ Chromato raphy. - An 18.7 g. portion of the fourth f rac t ion  of the above 
tacuum dffs t i l la t ion w a s  chromatographed. A 1-1/8 x 20 inch column packed 
with alumina w a s  used. The material  t o  be chromatographed was applied t o  the 
column from 172 g.  of carbon te t rachlor ide.  A l l  of the mater ia l  with the 
exception of 1.5 g. of a dark-colored tar was soluble.  One hundred m i l l i l i t e r  
f ract ions of the eluate  were taken. The f rac t ions  were evaporated under 
vacuum at  room temperature and the residues weighed. Some representative 
fract ions were examined by means of a mass spectrometer. Some of the fract ions 
were also examined by means of an infrared spectrometer and an u l t r a v i o l e t  
spectrometer. A t o t a l  of 14.01 g. w a s  collected but  it was estimated t h a t  
5.5 g. of t h i s  w a s  res idual  solvent. Therefore qui te  a b i t  of the mater ia l  
t h a t  was original ly  absorbed on the column was l o s t  and judging from the f a c t  
t h a t  the lower molecular weight, more vola t i le  components were considerably 

limation during the removal of the solvent. 
I reduced i n  the fract ions of the eluate ,  it was l o s t  by evaporation or sub- 

The amounts of the various components and the solvents used t o  e lu te  them 
are plot ted as a function of f rac t ion  number i n  Figures 1 and 2.  
last f ract ion,  a small amount of addi t ional  
the alumina from the column with benzene. The posit ion and shape of the 

After the 
material  was obtained by heating 

j 
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Curves i f  very informative about the s t ruc tu re  of t he  components. 
of the components were estimated by graphically in t e rg ra t ing  t h e  a reas  under 
the  curves, and a re  tabulated in  Table 5 .  
20.67 g. r a the r  than the  18.7 g .  ac tua l ly  chromatographed. 

The'amounts 

The weights are based on the  e n t i r e  

TABLE 5 

Component Weight, g. 

4 
\' 
\ 

M ~ S S  258 
Mass 244 
Mass 252 
Terphenyl 
 ass 228 
M ~ S S  218 
a-phenyl naphthalene 
Mass 202 
The lactone of 2-hydroxy-2' - 
biphenylcarboxylic ac id  
&thy1 benzophenone 
Mass 184 
Benzophenone 
9 -F luorenone 
Phenanthrene 

0.12 
0.078 
0.011 
0.48 
0 . 0 3  
0.024 
0.77 
0.19 

2 .o 
0.18 
0-53 
2.6 
2.4 
2.1 

M ~ S S  170 0.004 
Tota l  11.5 g., 

Traces of the  following masses were a l s o  found: 246, 220, 210, 208, and 150. 

Ident i f ica t ion  of Masses 204, 196, 180 and 168. - 
ponents found i n  the previous papers irere ident i f ied  with the  exception of 
mass 204. This mass was t en ta t ive ly  ident i f ied  as phenylnaphthalene. This 
component was concentrated from chromatographic f r ac t ion  number two by 
crys ta l iza t ion  and i t s  mass and infrared spec t ra  compared with t h a t  of an 
authentic sample of a-phenylnaphthalene. 
and so it was concluded t h a t  mass 204 i s  indeed a-phenylnaphthalene. 

A l l  of the  important com- 

The spectra were found t o  be iden t i ca lo  

In  the  present work three new components were found. Mass 196 was 
ident i f ied  as predominately the  lactone of 2-hydroxy-2'-biphenyl carboxylic 
acid by i t s  mass and infrared spectra.  A small portion of mass 196 vas 
ident i f ied  as methylkenzophenone by i t s  mass spectrum and i t s  pos i t ion  i n  the  
eluate (see Fig.  1). 
and biphenylene oxide respectively by t h e i r  mass and inf ra red  spectra.  This 
lactone, 9-fluorenone, 
the same decarboxylation method. 

Mass 180 and mass 168 were ident i f ied  as 9-fluorenone 

and biphenylene oxide were a l l  found by Ente l  using 

. ,  ,. .. 
. - .  .. . ... - ._. -. 
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Tota l  Amount of Nuclei Found. - The t o t a l  amount of the  various nuc le i  can 
be computed by summing up the  components i n  each of the f r ac t ions .  
various carboxylic acids t h a t  were found were calculated as neut ra l  nuclei  
and included i n  t h i s  sum. The nitrogen-containing nuclei  a r e  tabulated i n  
Table 6 and the neut ra l  and ac id ic  nuclei  tabulated i n  Table 7 .  

The 

TABLE 6 

Compound Yield, g./kg. Portion of t o t a l  Portion of t o t a l  

Phenanthridine 0.2 1. 0.04 

nitrogen, $ * nuclei ,  $ 

Phenylpyridine 4 . 1  19. 0.9 
Quinoline 0.3  6. 0.07 

* Sased on 0.3 nitrogen ir, t i e  or ig ina l  ac ids .  
** Based on a t heo re t i ca l  yield of 455 g. of nuclei. per kilogram of 

coa l  acids.  

TABLE 7 

Ccnpound Yield, g/kg. Compound Yield, g./kg. 
Neutral Nuclei 

Mass 258 
Mass 246 
Mass 244 
Mass 252 
Terphenyl (m- and p-) 
Mass 228 
Mass, no 
M ~ S S  218 
 ass 210 (C14~lo02) 
Mass 208 
a - phen y lnaphthale ne 
Mass 202 
Lactone of 2-hydroxy- 
2' -biphenylcarboxylic acid 
Methylbenzophenone 

Acidic Nuclei 

Mass 170 (phenylphenol) 
Cresol 

0.12 
present 
,o. 078 
0.011 
0.82 
0 .  05: 

present 
0.024.. 

present 
present 

4 .5  
0.19 

7.4 
0.18 

1.0 
0.05 

Mass 184 (C14H16) 
Benzophenone 
9 -Fluorenone 
Phenanthrene . 
Biphenylene oxide 
Biphenyl 
Mass 152 
Mass 130 
Methylnaphthalefie 

Naphthalene 
C 2  benzene 
Toluene 
Benzene 

(a- and 8 - )  

\ 
Phenol 

0.53 
15.6 
8.2 
9 -9 
16.6 
19.0 

C.95 
present 

e.17 
10.6 
0.05 
5.8 
85.1 

2.: 

I n  addition t o  these nuclei, 18.9 g .  of methylethylketone w a s  obtained. T h i s  
was doubtless a residue of the  solvent used t o  i so l a t e  the coal ac ids  from 
the or ig ina l  aqueous reaction mixture. 
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DISCUSSION 

'\ 
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By using the thermal decomposition of the copper s a l t s  of the coal  acids 
it has been possible t o  ident i fy  about 2% of  t h e  nitrogen containing nuclei .  
The nitrogen-containing nuclei  probably amount t o  only about 49 of the t o t a l  
nuclei  of the coal acids but  t h e i r  s t ruc tures  a re  important i n  t h a t  they 
provide information about the condition of the nitrogen atoms i n  the or ig ina l  
coal s t ruc ture .  Phenanthridine, phenylpyridine, quinoline, and pyridine have 
been found. Entel  found s imilar  amounts of phenylpyridine, quinoline, and 
pyridine but the more highly condensed s t ructure ,  phenanthridine, has not 
been reported before.  
products demonstrates the presence of nitrogen-containing condensed aromatic 
systems i n  bituminous coal. 

The presence of these compounds i n  the decarboxylation 

I n  the  present work, mass 204 which occurs i n  s ign i f icant  amounts i n  the  
decarboxylation products w a s  def in i te ly  ident i f ied  as  phenylnaphthalene. 
was a l so  possible t o  def in i te ly  ident i fy  methylbenzophenone. 

It 

This decarboxylation method yielded smaller amounts of nuclei  than did 
the copper-quinoline method used i n  our previous papers. This is due t o  a 
l e s s  complete decarboxylation as  evidenced by the re la t ive ly  large amounts 
of carboxylic acids present i n  the  products. 
method yielded great ly  increased amounts of oxygenated nuclei .  The oxygenated 
compounds amounted t o  about 48 per cent of the neutral  nuclei  (excluding 
benzene) where b y  the copper-quinoline method they amounted t o  only 3 per cent.  
Almost twice as much benzophenone was obtained and la rge  amounts of three 
oxygenated nuclei  t h a t  did not occur i n  the products of the other decarboxyl- 
a t ion  method were found. These three nuclei  were the lactone of 2-hydroxy-2'- 
biphenylcarboxylic acid,  9-fluorenone, and biphenylene oxide. With the 
exception of these oxygenated nuclei ,  the  decarboxylation products were 
similar t o  those found previously by the other method. 

I n  addition, t h i s  decarboxylation 
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PERFORMANCE OF AN AGITATOR ABSORBER IN 
REMOVING .COz FROM A GAS 

A Statistical Investigation by Albert S. Moore and Sidney'Katell 
U. S; Bureau of Mines, Branch of Coal Gasification 

Morgantown, West Virginia 

ABSTRACT 

The effects of process  pressure ,  carbon dioxide content of the 
feed gas,  solution throughput, and liquid-to-gas ratio on the performance 
of an agitator absorber at levels of 200-300 p. s .  i. g., 10-20 mol-percent, 
60-90 gal. / h r . ,  and 16.5-55 gal.  /h r .  solution per 1000 std. cu. f t .  gas /hr .  , 
respectively, have been determined. The absorbent used was 40 weight- 
percent diethanolamine in  water; the gas used was iner t  gas with carbon 
dioxide added. 

The data and results f rom three se t s  of sequential factorial 
experiments a re  presented. 
of the four factors a t  three levels of operation. 

The experiments were designed to test  each 

h 
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"Performance of an Agitator Absorber in Removing C02 F r o m  a Gas" 
A Statistical Investigation 

Albert S .  Moore and Sidney Kate11 
U. S. Bureau of Mines, Branch of Coal Gasification 

Morgantown. West Virginia 

During the las t  fifteen years,  processes  for removing carbon 
dioxide and hydrogen sulfide from industrial gases by scrubbing with various 
amines have become generally accepted. 
employed conventional g a s  -liquid contactors, packed columns and bubble - 
cap towers. 

To date, these processes  have 

It has been shown that the absorptive capacities of the amines 
increase markedly with increased concentration, but because of the operating 
difficulties encountered when conventional scrubbers a r e  used to process  
liquids of even moderate viscosity, the limiting concentration has been about 
15 percent amine in water. 
commercialization, methods of gas -liquid contacting able to tolerate more  
viscous scrubbing media must be developed. 

Thus, for these processes  to realize f u l l  

This paper describes studies of the absorption of carbon dioxide 

Figure 1 shows a vertical c ross  section of the absorber.  
in 40 weight-percent diethanolamine in  water utilizing an agitator-type 
contactor. 
action within the absorber  is as follows: The lean solution is fed into the 

The 

vessel through a sparger ring. The liquid is raised in the l i f t  tube by the 
centrifugal action of the turbine and propelled from the absorber impeller 
in the form of a fine spray. This sp ray  of liquid droplets moves a t  a high 
speed relative to the gas s t r eam,  which passes through the spray  curtain in 
upward flow through the absorber.  Inasmuch as this is a relatively novel 
gas-liquid contactor, it  i s  to be expected that its mode of action would be 
distinctive. 

\ 
\ 

The work described here was undertaken to determine the char - 
acterist ics of the agitator-absorber with respect to: (1) Process  p re s su re ,  
( 2 )  carbon dioxide content of the feed gas, ( 3 )  absorbent solution r a t e ,  and 
(4) liquid-to-gas ratio. 

DESCRIPTION OF GAS-PURIFICATION PILOT PLANT 

Figure 2 is a flow diagram of the pilot plant. 
absorber was installed to operate with existing solution-regeneration 
facilities. 

Fo r  this study the 
" 

The Absorber 

The absorbei is shown in figure 1. The essential internal parts 
a r e  the annular ring and lift tube and the turbine and impeller. The turbine 
imparts a centrifugal action to the absorbent solution, which is directed by 
the annular ring and lift tube onto the impeller, where the spray  is formed. 
The latticed faces of the impeller a r e  beveled to about 3 8 O  off horizontal S O  

I 

I 

a 

I 
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that the principal portion of the spray i s  directed toward the walls of the 

connected to the shaft through sheave pulleys i s  used to drive the turbine.  
A constant turbine speed of 750 r . p , m .  was used for these tests.  

, ' absorber vessel  ra ther  than the top. A 1-hp. motor (1.750 r . p .  m.) 

The Reactivator 
'$ 

' 
J, 

The reactivator tower i s  a 17-foot length of 10-inch, schedule 
40 pipe, which i s  packed to a depth of 15 feet with 314-inch Raschig rings 
and direct-connected to the reboiler by IO-inch diameter flanges. 
boiler is 10-feet in length and 16 inches in diameter. 
pressure connection, connections for adding makeup condensate and for 
&raining the solution, and a thermocouple connection installed near the end 
of the tube bundle. Steam for reactivation is controlled by a pressure  con- 
troller and is measured by weighing the condensate. The entire unit i s  
lagged with 2 inches of magnesia insulation and 1/4 inch of tlInsulcotetl. 

The r e -  
It is  fitted with a 

1 Auxiliarv Eouioment 

\ 

, 

The solution heat exchanger, solution cooler, and acid-gas 
cooler a r e  all s imilar .  
sections connected in  se r i e s .  
contain four, schedule 40, 3/4-inch, G-fin pipes about 10 feet long. The f i n  
pipes in the acid-gas cooler a r e  abcut 5 feet long. 
a re  installed so  that all  inlet and outlet temperatures can be recorded. 

Each consists of two Griscom-Russell twin G-fin 
The heat exchanger and solution cooler each 

Thermocouple connections 

A 1-114 by 4-inch triplex, single-acting power pump circulates 
the solution. 
air-operated bypass valve. 

The flow of the solution to the absorber is controlled by an 

The gas i s  s tored,  before compression, in a wet-type gas holder 
having a capacity of 1,000 cubic feet. The 2-stage gas compressor can 

\ deliver 7,200 standard cubic feet pe r  hour a t  350 p. s.i. g. 

Solution and Gas Flow 

The flow of solution and gas in the pilot plant is typical of most 
gas-purification systems. 
mol-percent, is taken f r o m  the gas holder, compressed to  about 350 p. s .  i. g. , 
and fed to the absorber. 

Inert gas, varying in C02  content f rom 7 to 10 

The c a r b m  dioxide necessary to bring the carbon diolEide content 
of the unpurified gas to the level of predetermined experimental conditions 
is added to the suction line of the compressor.  

The lean diethanolamine solution enters  through the top of the 
absorber. It is  distributed by a sparger ring directly above the liquid level 
and just below the top of the lift tube and leaves the absorber through a side 
connection 6 inches f r o m  the bottom. 
is  maintained to a depth of 12 inches (indicated by the broken line in figure 1). 

The level of solution in the absorber 



, 

\ .  

The diethanolamine is forced up into the lift tube by the turbine; baffles in 
the lift tube eliminate any swirling action. 
absorber impeller,  a deflector designed to give maximum spray  commen- 
surate with the dimensions of the absorber vessel .  Three distinct sp ray  
patterns a r e  formed--(l) the initial sp ray  f r o m  the absorber impeller, con- 
sisting of small droplets moving at very high velocities, (2 )  impact sp ray  
formed when the initial spray  rebounds f r o m  the walls of the vessel, and 
( 3 )  conjunctive sp ray  formed when the initial spray  and impact spray  collide. 

The rising solution contacts the 

The feed gas enters at the base of the absorber to the right of 
the lift tube. 
sp ray  pattern, and leaves the top of the absorber into an  entrainment separa-  
to r  as purified gas. It i s  then returned to the gasholder for feed-gas makeup. 

It bubbles through the diethanolamine, passes through the 

The fouled amine solution leaving the bottom of the absorber i s  
heated by heat exchange with lean amine solution and regenerated in  the 
reactivator with indirect heat f rom low-pressure steam. 
the top of the reactivator and passes through a cooler where entrained s team 
is condensed and returned to the column. 
the holder for feed-gas makeup. 

The acid gas  leaves 

The acid gas is then returned to  

The reactivated diethanolamine leaves the reactivator, flows 
through the heat exchanger where it gives up a portion of its heat t o  the fouled 
solution leaving the absorber,  and is pumped through a water-cooled solution 
cooler back to the absorber. 

EXPERIMENTAL PROCEDURE 

The agitator gas -liquid contactor is a novel piece of equipment. 
To evaluate it in terms of more conventional gas -cleaning apparatus, packed 
columns and bubble -cap towers, optimum operating conditions for the agitator 
absorber process must f i r s t  be found. 

Eight obvious factors will affect performance of the absorber: 
(1) Process  pressure ,  (2) carbon dioxide content of the feed gas, ( 3 )  absorbent- 
solution throughput, (4) liquid-to-gas ratio, (5) concentration of the absorbent 
solution, (6) feed-gas throughput, (7) the speed of the turbine, and (8) carbon 
dioxide content of the lean absorbent solution. Although the operational levels 
of all of these factors a r e  easily controlled within relatively narrow limits,  
there  is  no reason to suppose that the efficiency of the process is an additive 
function of any two of them. Consequently, the complete exploration of the 
causal relations among these factors would require that the effect of each 
factor be observed under a l l  combinations of values of the other factors.  
a procedure would require a relatively large number of tests. 

Such 

To overcome this difficulty, a ser ies  of sequential factorial exper- 
iments,  each concerned with a group of relevant factors,  was initiated. 
a procedure allows for maximum flexibility in planning and has the inherent 
advantage that, a s  each factorial is developed, the factors involved may be 
directed toward optimum conditions relevant to all other factors. 

Such 

Process  pressure:  carbon dioxide content of the feed gas,  absor- 
bent solution throughput, and liquid-to-gas ratio were chosen as the independent - 
variahles for the initial experiment; the levels chosen for these factors were 
200-300  p. s .  i. g . ,  10-20 mol-percent, 60-90 g.p. h., and 16.4-55 respectively. 
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Liquid-to-gas ra t io  in  this instance is defined as gallons of solution per  

cess  i s  the total carbon dioxide absorbed, since all other variables for 
these experiments were predetermined. 

I, 1,000 std.  cu.ft. of feed gas per hour. The dependent variable in the pro-  
', 

\ 
1, As  dictated by subsequent operation, a second factorial  was 

designed at new operational levels for the four factors.  The purpose of the 
second se t  of experiments w a s  to investigate further the interactions among 
the various factors revealed in the initial se t  of tes ts .  The block design for 
each factorial is presented in Appendix 1. 

DATA AND RESULTS 

Table 1 presents typical operating conditidns prevalent through- 
out the 30 tests performed for this study; table 2 presents the cumulative 
data f rom these tests. 

I 

Table 1. - Typical operating range for all runs 

Gas  temperature, OF. 

Before agitator 75-85 
Af ter  agitator 140-155 

\ 

0 Solution temperature, F. 

Before agitator 100-110 
After agitator 140-160 

Reboiler pressure,  p. s . i . g .  

Reboiler temperature, OF. 265-275 

Agitator motor 

6.5-8 . 

Ammeter, amps 1.2-1.4 
Voltmeter, volts 470 (constant) 

Steam pressure,  p. s.  i. g. 22-30 

Steam consumption, lb. /ga l .  
amine 0.6-0.8 

Turbine speed, r.  p. m. 750 (constant) 

A statist ical  analysis of the data f rom experiment "A" is made 
and an analysis of the cumulative data f rom experiments "A" and IlBl' is 
presented. 

An empir ical  equation relating the independent variables to  the 
The effect of the same performance of the agitator absorber is developed. 

variables on the performance of the agitator is presented graphically i n  
chart 1. 
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The following nomenclature i s  used i n  these presentations : 

Y = total C 0 2  absorbed, cubic feet per  hour 
L c L/C = liquid-to-gas ratio,  gallons per hour solution 

I, 000 std. cu. ft. gas /hr .  
S = solution throughput, gallons /hr.  
C = CO2 content of feed gas ,  mol-percent 
P = process  pressure ,  p. s. i. g. 
d / 1 6  = sum of the squares  of the dependent variable 

accounted for by a given factor ,  divided by 
the number of tests involved. 

n = number of tests, contingent to a given calculation. 

EVALUATION OF DATA 

Table 3 presents an analysis for significance of the 16 runs of 

This  analysis was made using the method of Yates. 

The e r r o r  mean square was determined using data f rom the 

experiment "A" i n  which the factors involved were tested at  the high and 
low levels. 

runs at  which the factors were tested at the median levels. The calculation 
was made using this relationship: 

E . M . S .  = f , Y Z  - (LY)' - 
n = 3 3 . 2  

n-1 

The standard deviation by definition is the square root of the 
e r r o r  mean square.  
of CO2 absorbed. 

In this instance the standard deviation was 2 6 cu.ft .  /hr .  

The interactions between the carbon dioxide content and solution 
throughput, and between the carbon dioxide content and liquid-to-gas ra t io  
revealed i n  the analysis of the data from experiment "A", w e r e  evaluated 
further by solving the normal equations using matr ices  se t  up f r o m  the 
cumulative data of experiments "A" and ItB1'. 
the coefficients of table 4 were determined and a n  empirical equation 
relating the significant factors to the dependent variable was set  up. 

Using the methods of Davig, 
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T2ble 3. - Factorial analysis - Ekpriment A 

P C S L  E - Y Fzc t o r  & Significance 

-1 -1 -1 -1 A-11 296 

-1 -1 -1 1 A-4 96 

-1 -1 1 -1 A-10 373 

-1 -1 1 1 A-13 132 

-1 1 -1 -1 A-3 350 

-1 1 -1 1 A - l l I  l@ 

-1 1 1 -1 A-19 496 

-1 1 1 1 A-7 303 

1 -1 -1 -1 A-9 260 

1 -1 -1 1 A-15 91 

1 -1 1 -1 A-16 342 

1 -1 1 1 A-2 155 - 
1 1 -1 -1 A-18 jcg 

1 1 -1 I. 1:-6 201 

1 1 1 -1 A - 1  515 

1 1 1 1 A-17 294 
~ 

0 0 0 o A-5 263 

0 0 0 G A-8 270 

o o o o A-12 271 

3 0 0 0 A-20 275 

.. . 

Total 

L/G 

S 

s L/G 

C '  

C L  

cs 
CSL 

P 

PL 

1,211,100 

136,900 

41,820 

2,601 

51,984 

812 

. 5,625 

462 

2@ 

756 

0.001 

0.001 

0.05 

0.001 

n i l  

0.01 

n i l  

n i l  

n i l  

PS 324 

PSL 210 

PC 56 

PCL 225 

PCS 2 

PCSL 676 

1,453,842 

1,2ll J 100 

242 742 

n i l  

n i l  

nil 

n i l  

n i l  

n i l  



Table- 4. - Empirically determined coefficients 

Factor  Coefficient 

Constant 
C 
S 
L /G 
S L/G 
CS 

267.3 
t57.0 
+57.125 
-92.5 
-12.75 
+18.75 

B y  substituting these r e a l  for the coded factors: 

P = P-250 
50 

C = C-15.2 
5 

s = s - 7 5  
- I F 7  

L = L/G.-  35.7 
19. 3 

and by affixing the proper coefficients and reducing, equation (1) resulted. 

(1) Y =  1 7 8 . 3 - 7 . 3 5 C + l . l 8 S  - 1 . 4 9 L - 0 . 0 4 4 S L f 0 . 2 5 C S  

An analysis fo r  variance was made by  solving the inverted ma- 
t r ix  se t  up f r o m  the cumulative data of experiments A and B. again using 
the methods of Dav i s .  This revealed that the empirical  equation would 
account for 98.5 percent of the total s u m  of squares of the dependent variable. 

A further analysis for significance was made using Student's 'IT1' 
test  a s  presented by Villars. 
contains only those t e rms  significant at less than the 5 percent level. 

By  this calculation, the empirical  equation 

The comparison of observed and ca lcda ted  values fo r  the r a t e  
of adsorption of C02 i n  the agitator absorber,  included in table 2. was made 
employing equation (1). 

Chart  1 presents graphically the absorbing capacity of the agitator 
as a function of solution throughput and GO2 content of feed gas with gas 
ra tes  and liquid-to-gas ratios as parameters .  
was evolved by solving equation (1). 

The data for plotting chart  1 

-. DISCUSSION O F  RESLILTS 

The dependent variable for these experiments was taken a s  total 
carbon dioxide absorbed per hour. 
p ressure ,  carbon dioxide content of the feed gas. solution throughput, and 
liquid-to-gas ratio on the performance of the agitator absorber  was deter-  
mined on that basis. 

The effect of the independent variables-- 

. . . .... . . . . . .... _. . ...-. -_. .. _ _ . I  -. .- .. . 

0 

. .  
L .  - _. . ,. . . 



Significant Effects 

The factors of these experiments a re  tabulated in  the fourth 
column of table 3; the coefficients that give these factors quantitative 
meaning a re  tabulated in table 4. Examination of these tables shows that 
the performance of the agitator absorber  w i l l  appreciate with higher 
solution throughput, higher C 0 2  content in  the feed gas and lower liquid- 
to-gas ratios. The effect of these factors and of the interactions among 
theni on the performance of the agitator absorber is given explicit quan- 
titative meaning in the correlation afforded by equation (1). Using this 
equation the performance of the agitator, in  te rms  of cubic feet pe r  hour 
of carbon dioxide absorbed, can be predicted to an  accuracy of plus o r  
minus 13 cubic feet per  hour within the range of these tes ts .  

Operating requirements commensurate with feed gas composi- 
tion may be observed directly by  reference to char t  1. 

Comparison with Conventional Scrubbers 

Using the methods' of Coulson and Richardson, the over -all mass - ' 

transfer coefficients for the agitator absorber were calculated at  th ree  se t s  
of conditions, runs A-1, A-2. and A-12. 

Until s t r ic t  c r i te r ia  for  the choice of agitator volume a r e  r e -  - 
solved, i t  is not possible to make 'a generalized comparison of the performance 
of the agitator absorber with conventional scrubbers on the basis  of over-all 

I 

I 
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mass-transfer coefficients. The principle of operation, and hence the flow 
mechanics in  the two systems,  are quite different; indeed, the flow mechanics 
in the agitator a r e  extremely complex. However, i t  is possible to compare 
the performance of the two types of equipment for  specific operating conditions 
and to describe the performance of the agitator in  t e rms  of a physical tower 
required to effect the same degree of scrubbing at those operating conditions. 
This comparison has been made and is presented in  table 5. It shows the size 

\ 

\ towers that would have to be employed in place of the agitator absorber  for the 
\specified runs. 

Table 5. - Data for comparing agitator absorber to packed tower 

Run 4: No. K&A Packing 
Cross  Tower Packing 
section, sq.ft .  height, ft. 

A-1  0.227 314 Raschig rings 0.5 5 

A-12 .111 314 Raschig rings - 5  10 
A-2 .262 3/4 Raschig r i n g s  .5 6 

+KgA for agitator absorber = lb. -mol of CO2 absar bed 
(hr. ) (atm.CO2 part ia l  pressure)(cu. f t .  solution) 

Cubic feet of solution is taken as  that volume of the absorber ac-  
tu'ally occupied by solution, irrespective .of the spray.  For  these calculations, 
that volume was considered to be a cylinder 18 inches in diameter by 12 inches 
in height. 
height of 3. 5 ft. 

\' . 
The actual absorber has a cross  section of 1.42 sq. ft. and an inside 

i 
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FACTORS TO B E  INVESTIGATED 

It has been shown that the performance of a n  absorber of cen- 

The sp ray  pattern in  turn  is almost totally a function of the 
trifugal design is greatly affected by the characterist ics of the spray  pattern 
it develops. 
turbine design and speed, the impeller design, and the viscosity of the absor -  
bent. 
diethanolamine and on the heat of absorption developed. 
factorial will be expanded to include the factors (1) turbine speed, (2) con- 
centration of absorbent, and (3) heat of absorption. 

The viscosity of the absorbent is dependent on the concentration of the 
Consequently, this 

APPENDIX I 
THE BLOCK DESIGN FOR FACTORIAL EXPERIMENTS A AND B 

Factorial  Experiment A Factorial  Experiment B 
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-1 

1 

1 

-1 

-1 

1 
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0 - 

i- 
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-1 
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-1 
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0 - 

K 
1. 

1 
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1 

1 

1 
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1 
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0 - 

Set 
B 
-1 

-1 

-1 

-1 

1 

1 

1 

1 

0 

- 

0 ~ 0 ! 0 1  1 o i  0 

LEVELS 
Factorial  A Factorial B 
Interactions Curved Effects 

- High Medium Low High Low 

A = r e s su re ,  p . s . i .g .  300 250 200 321 179 
B = 8 0 2  content of foul gas,  

mol-percent 20 15 10 22.4 8 
C = solution throughput gal. /hr. 90 75 60 96.2 53.8 
D = liquid-to-gas ratio,  

gal. /lo00 std. cu. f t .  /hr.  55 35. 7 16.4 58.8 12.6 
The level designations: 1, -1, 0, i,c, -y>, 1.2 and -1.2 may be defined 

a s  the value of the variable in question minus the mean value of that variable 
divided by the interval for that variable. 
as the value of the variable designated as  1 minus the value of that variable 
designated as 0. 

The interval i n  tu rn  may be defined 

1 
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DIFFERENTIAL INFRARED SPECTRCMETRY TECHNIQUE 
USED FOR THE STUDY O F  COALS 

sium iodide plate. 
I 

4 Samples f rom coke buttons made  from th is  coal were  run  in the inf ra red  
\ spec t rometer  and x - r a y  diffraction pa t te rns  were obtained f r o m  these  coke 

samples  also. I n  addition to this  some infrared spec t ra  were  run on th i s  coal \ 
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INFRARED SPECTROPHOTOMETR!C STUDY O F  THE COKING OF COAL 

Raymond V. Smith, Milton E. Wadsworth and George Richard Hill 
Departments of Fuel Technology and Metallurgy 

University of Utah 

In o rde r  to understand fully the coking mechanism one must  t race  the 
chemical changes which occur  as the coal undergoes the change f rom coal to  
coke. 
c ise  study of the chemical changes which occur  in coal,  particularly those 
changes which occur  in the coal a s  it is heated to the softening o r  fluid ra'nge. 
Fluidity is a key factor in the coking mechanism,as  evidenced by the ra ther  
good correlat ion of coke quality predictibility f rom f r e e  swelling and plasto - 
mete r  tes t s  and more  recently by the work of Dryden and Panchurst ' .  
la t ter  case a chloroform soluble product was found i n  the softening temperature  
range which proved to be a significant factor in the coking process.  

Coal specimens were prepared for  evaluation by means  of infrared 
spectrophotometry.  
thoroughly mixed i n  carefully weighed proportions with potassium iodide. 
(usually 6 m g  coal pe r  g ram KI) A measured  quantity of this  mixture was  
then pressed  in an evacuated die into plates for  examination. The reliability 
of this technique has  been well established in other   system^^^^'^. 
spec t ra  were  obtained using a Perkin E lmer  Model 21 double beam recording 
spectrophotometer.  

The physical propert ies  of this coal a r e  shown i n  Table I. 
prepared from the coal as received from the mine. 
was heated in a p res su re  tight container to the fluid range; this required approx- 
imately 20 minutes. 
of time f rom 10 to  30  minutes. 
a s  previously described. 

of the spectrophotometer and the plate containing the coal which had been 
heated was placed in the sample beam. 
thus obtained. 

Discussion of Data 
Most of the spectral  assignments have been made  in previous studies.5* e. 

Table I1 lists the spectral  assignments used in th i s  study. 
sample which had been heated was placed in the sample beam, peaks downward 
on the pattern indicated vibrational spectra  f o r  bonds g r e a t e r  in number in the 
heated coal a n d  peaks upward indicated the presence  of a grea te r  number of 
bonds i n  the untreated coal sample. 
range (OH stretching),  3.  3 to 3. 4p (aromatic  hydrocarbon), 7. 25p (hydrocarbon 

The technique descr ibed in th i s  paper provides a means  f o r  a more  p r e -  

In the  

The samples  were  ground to  a very fine powder and then 

Infrared 

The coal used for  most  of the t e s t s  was  a blending coal used in coke ovens.* 
One sample was  

The other sample of coal 

The temperature  in the fluid range was held for periods 
The sample was then quenched and prepared  

The plate containing the untreated coal was placed i n  the reference beam 

A differential  absorption spectra  was 
A typical pattern obtained by this method is shown in Figure 1. 

-- 
Since the coal 

Increases  were  noted i n  the 2.7 to 3 p  

* Coal samples  were obtained f rom the Columbia-Geneva Steel Division, U. S. 
Ste e 1 Corporation. 
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Table I. Physical  Proper t ies  J I  Coal Used in Differential 

Infrared Spectra- : c x e t e r  T e s t s  
i 

Proximate Analysis Ultimate Analysis Gieseler  Type Plas tometer  

2. 94 C 75. 20 Initial Soften: Temp. 341OC 
5. 23 . Max. Fluidity Temp. 422OC 
1. 63 Max. Dial  Div. /Min. 2, 977 

V. M. 

Ash 11. 30 Ash 11. 30 Solidification Temp. 469OC 
Sulfur 0 . 8 2  S 0. 82  

3 0 . 5 3  H2 
H 2 0  

F. C. 58.  17 N2 
2 

0 2  5. 82 

Table 11. Spectral  Assignments f o r  Coal 

i 

Microns 

3 . 0 0  
3. 30  
3. 42 
3 . 4 9  
5. .87 
6 .  19 

6'. 9 0  
7. 2 5  
9. 67 

Hydrogen-bonded OH CY NH (see discussion in  text) 
Aromatic  CH, weak 

Naphthenic and/or ali;>ha'cic CH. bonds 

C: = =O band, weak she*>... ler 
Very intense band; m q  Jz part ly  caused by a con- 
jugated carbonyl stri lciare such as in quinones. 

CH2 groups 
CH3 groups 
Aromatic band. intens- in aromatic ethers 
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bending, CH3 ) and 9 . 6 7 ~  (aromatic  e thers) .  
ether bonds suggest  the following mechanism. 

The i n c r e a s e s  in aromatic  

)-- OH HO( __3 )-0- ( 4 H20 )-- OH HO( __3 )-0- ( 4 H20 

- 
Qther s tudies '  show that  coal  is pr imar i ly  composed of condensed 

aromatic  rings. 
others' indicates that  the final coke sat isf ies  these  edge valpnces with 
C-C linkages. 
heating coal is a continuous change of edge groups and edge bonds of these  
rings. 
of the CH groups. 
perature  range. 
the rings o r ,  perhaps,  proyide a surface p r e s s u r e  as it decomposes  
or  both of these actions could make a g r e a t e r  number of C-C  bonds and 
consequently a s t ronger  coke. 

general  theor ies  of the coking mechanism which suggest  
aromatic  and ult imately to  a graphitic s t ructure .  
be any ready explanation f o r  the increase  
represent  a change in edge groups. The 
5 .87p  (C=O) and the 6. 1 9 p  (C=O-quininoid) bands a r e  shown to increase;  
however, some of the t e s t s  indicated a decrease.  It would s e e m  mos t  pro-  
bable that  the C - 0  band does decrease ,  however the possibil i t ies of H,O 
also contributing to one of these bands (6. 19P) and of possible oxidation of 
the sample a f t e r  removal f rom the container s e e m s  the  best  explanation 
fo r  the behavior of these bands. No at tempt  was made  t o  in te rpre t  bands 
of wave lengths g r e a t e r  than 9 . 6 7 ~  except to note t h e i r  genera l  increase,  
again substantiating the polymerization-graphitization theory.  

two samples  of untreated coal were prepared  and one was  placed in the 
reference beam and the other  placed in the sample beams.  
obtained is shown in Figure 2. 

data obtained from it. 

t empera tures  in the fluid range. 
were run against  a blank of KI in  the re ference  beam. 
resu l t s  of these tes ts .  
typical edge groups is noted. One should call  attention, however, to  the 
tendency f o r  the OH and aromat ic  e t h e r  groups to  increase  before finally 
decreasing at the higher temperatures .  . 

The two techniques differ, of course,  in that  in the second method the 
decomposition m a t e r i a l s  a r e  allowed t o  escape. 
(pressure- t ight  container) method is a m o r e  powerful tool for  the study of 

Experimental  work discussed later in  this  paper  and by 

This  suggested mechanism is based on the  theory that 

Some hydrogen would of course be available f r o m  the decomposition 
An aromat ic  e ther  could be a fluid in the softening tem-.  

The action of this fluid could provide g r e a t e r  mobility for 
Ei ther  

The increase  in  the a romat ic  ( 3 . 3 p  - 3 .4p)  bond substant ia tes  the 
changes to the 

T h e r e  does not s eem to 
in the CH3 band. This,  too, m a y  

The CH, band shows a decrease.  

To  prove the reliabil i ty of the differential  spectrophotometer  method, 

The pattern 

This substantiated the reliabil i ty of the differential  technique and the 

Other t e s t s  were run in a closed crucible  heated r a t h e r  quickly to 
Samples were p r e p a r e d  as before and 

Figure 3 shows the 
Here the general  decrease  i n  the  bands assigned to  

It is felt  that  the first 
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the softening s tage because it provides a means f o r  examining the bonds as 
they occur red  in that stage before subsequent decomposition. 

Samples p repa red  f rom coke uuttons made  f r o m  th is  coal were  run on the 
inf ra red  and in the x- ray  diffraction camera.  
showed a v e r y  high background but a reliable. pat tern was obtained using 3 mg 
of sample in a 1 g plate. The pat tern showed no indication of bands, indicat-  
ing the edge groups a r e  completely decomposed. 
a graphi t ic  s t ructure .  

In the  i n f r a r e d  the sample 

The x - r a y  pattern showed 
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M N A R  BURNING VELOCITIES OF METHANE- 
OXYGEN-DILUENT GAS MIXTURFS 

by 
S. A. Well, E. F. Searight,  and R .  T. Ell ington 

I n s t i t u t e  of Gas Technology 
Chicago, I l l i n o i s  

ABSTRACT 

The burning ve loc i t i e s  of methane- oxygen- 
d i luent  mixtures were determined a t  atmospheric 
pressure by use of bunsen flames under laminar 
flow conditions,  The fuel- lean region was in- 
vest igated a t  theore t ica l  flaae temperatures of 
2000, 2250 and 2 5 0 0 0 ~  employing ni t rogen,  helium 
and argon as d i luents .  By maintafning constant 
calculated flame temperatures f o r  the d i f f e ren t  
mixtures, evaluation of the e f f e c t s  of the pro- 
p e r t i e s  of the d i luent  and of 02/CH4 r a t i o  was 
g rea t ly  simplified.  The dependence of burning 
ve loc i ty  on Oz/CH4 r a t i o  w a s  not i n  accord with 
the approximate theories  of combustion. There- 
fo re ,  an empirical expression was developed t o  
describe the e f f e c t  of d i luent ,  02/CH4 r a t i o ,  
and flame temperature on burning veloci ty .  The 
evaluation of t h i s  expression i s  discussed i n  
terms of e f f ec t ive  t ranspor t  p roper t ies  and 
concentrations.  
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LAMINAR BURKING VELOCITIES OF FIETHANE- 
OXYGEN-DILUENT GAS b l I X m S  

B Y ,  
S. A. Weil, E .  F. Sear ight ,  and R .  T .  Ellingtori 
I n s t i t u t e  of Gas Teclmology, Chicago, I l l i n o i s  

INTRODUCTION 

The l m i n a r  burning veloci ty  of a fuel-oxidant mixture is an 

Many re la t ionships  f o r  turbulent  flames have been devei- 

important parameter in the expressions vhich have been developed t o  
describe such combustion phenomena as ign i t i on  energies and flame 
s t a b i l i t y . "  
oped vhich require lkIlolJledge of the  laminar burning veloci ty  of ths 
same react ion system. Therefore, it  would be extremely useful i f  
the 1aqlina.r burning veloci ty  of a given fuel-oxidant system could be 
predicted with good accuracy from knowledge of the  composition of the  
reactant  system and quant i t ies  calculable from the  composition and 
conditions of the system. 

Tne predict ion of burni.ng ve loc i t i e s  by use of the q p r o x i -  
mate theories  of flame propagation developed by Seinenove , a d  Taxt'ord 
and Pease,lo has been on!y p,wtially successful2 J 9 J 11 . These r e l a -  
t ionships adequately describe experimental data .  only i n  those cases 
i n  7Jhich fl.arile temperature i s  the major var ia t ion  i n  flame confi t ions . 
The e f fec t s  of vmia t ions  i n  unburned gas compositions on burning 
velocity cumot as ye t  be defined 17it'n accuracyz, presumabiy Se- 
cause o f . t n e  approximations of mechanism and t ransport  propert ies  
which are necessary t o  obtain ana ly t ica l  expressions. The xore 
rigorous theories  of conbustion i n  flames do not readi lg  1er.d tnen- 
selves t o  predict ion of the funct ional  dependence of burning velo- 
c i t y  upon composition. The a b i l i t y  o f  rigorous theories  t o  pre- 
d i c t  absolute burning ve loc i t i e s .  for the few cases that have been 
t rea ted ,  i s  not as.valuable a.s their po ten t i a l  a b i l i t y  t o  describe 
the in t e rna l  s t ruc ture  of the flame from howledge of the burning 
veloci ty .  

pose of predict ing burning ve loc i t ies ,  even i f  it I were determined 
empirically.  As i t s  contribution t o  a be t t e r  understanding-of the . 
conibustion process, an empirical expression cnuld be used as a 
bas is  f o r  speculation on k ine t i c  expressions that rn3ght be used i n  
the in tegra t ion  of the 'fundamental equations of flame propagation. 

the functional. dependence of burning veloci ty  on uribuned gas 
composition. If tne data,  upon vhlch tne expression i s  based, are 
r e s t r i c t e d  t o  f u e l - a i r  systems i n  which f u e l  concentrztion is  the.  
only variable ,  the dependence of burning veloci ty  oh composition 
cannot be distin,@shed from i ts  f a r  g rea te r  dependence on flame 
temperature. I n  divaria;nt systems cons is t in  of f u e l ,  oxygen and 
di luent ,  tine equivalence r a t i o  (actua.1 fue&qgen r a t i o  divided 
by stoichiometric r a t i o )  can be varied irhtie the theoretica.1 
f lme temperature is ,  ee ld  constant.  

An ana ly t ica l  expression would bes t  &it the p rac t i ca l  Da- 

To achieve such a goal,  a n  empirical equation nust  shov 

I n  t h i s  manner the funct ionel  



relationship between burning velocity and equivalence r a t io  can be 
Be- 

cause of the significant e f fec t  of the surrounding atmosphere on 
the chemistry of the combustion of  fuel-r ich bunsen flames, and the 
additinndl complexities introduced thereby, this i n i t i a l  study w a s  
limited to  fuel-lean flames. 

investigated with temperature e f fec ts  being held t o  a minirmUn . 

EQUIPMENT AND PROCEDURES 

Bur- veloci t ies  were .determined by the t o t a l  area me- 
thod using shadowgraphs of bunsen flames. 
burning velocit ies determined i n  this manner are not absolute 
values. The l i t e r a tu re  shows that no experimental method i s  free 
of some question i n  this respect, and that the absolute bur- 
veloci t ies  obtained m a g  show a strong dependence upon the exper- 
Fmental method used.5 However, i n  some instances, radical ly  diff- 
erent methods have yielded the same absolute values.6 It i s  of 
major significance that different  methods h d i c a t e  the same func- 
t innal  dependence upon the composition variables . z  The method 
used in  this work does y ie ld  reproducible re la t ive  values that 
can be used t o  es tabl ish- the functional dependence of burning 
velocity on unburned mixture composition. It is  t h i s  dependence 
that i s  of greatest  value i n  e f for t s  t o  determine the mechanism 
of flame propagation from experimental r e su l t s .  Furthermore, 
the method used i s  simple and duplicates conditions encountered 
i n  many pract ical  applications. 

A gas metering and mixing panel was used t o  obtain the 
desired burner feed compositions, and contained four separate 
metering systems, each of which u t i l i zed  a carefully calibrated 
cri t ical-flow jewel or i f ice .  From i t s  cylinder, each gas passed 
through activated alumina dr ie rs  and sintered brmze filters t o  
Nullmatic pressure regulators, capable of accurately maintaining 
the desired pressure upstream of ' the or i f ice .  I n l e t  pressure t o  
the or i f ices  was measured precisely by means of ten-foot mercury 
manometers. The or i f ice  assemblies consisted of special  com- 
panion flanges supporting removable brass plates;  each p la te  
contained a synthetic sapphire drilled t o  closely conform t o  the 
standard configuration fo r  a round-edged o r i f i ce .  Downstream 
from the or i f ices  the individual gas streams were joined and 
valves were provided so  that it w a s  possible t o  d i rec t  the m i x -  
ture to  a wet t e s t  meter or  the burner. Each o r i f i ce  was ca l i -  
brated before each run, and with this system measurements of the re -  
l a t ive  flow of the gas sL;Sleams were accurate t o  within f0.25, the 
absolute flows t o  within -0.5$. 

the "Z" type, incorporating two paraboloidal mirrors .3 A 2-watt  
zirconium concentrated arc  lamp was used as a light source. The two 
front-surfaced parabolic mirrors were 6 inches i n  diameter, with a 
focal  length o f  48 inches. 
increase the angle of re f lec t ion  and enable easier  recording of the 
image, was placed at  the same angle with respect t o  the second 
mirror as the light source was placed with respect t o  the first.  
The image w a s  recorded by means of a camera, with the lens removed, 
on Contrast Process Panchromatic f i l m .  

study, were cylindrical  tubes at l ea s t  30 inches long. The upper 
portion w a s  surrounded with a waterjacket connected t o  a constant 
temperature bath and circulat ing pump. W e e  burners were necessary 
f o r  the range of burning veloci t ies  encountered. The coolest flames 

It i s  recognized that 

The opt ical  system used fo r  photographing the flame was of 

A flat front-surfaced mirror,  used t o  

The burners, fo r  obtaining the bunsen flames used i n  this 
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(2000'K) were studied using a burner of 0.375-Inch inside diameter. 
For the 2250°K and 2500°K temperature levels ,  burners with inside 
diameters of 0.250 and 0.188 inches, respectively, were used. 

The re la t ive  amounts of fue l ,  oxygen, and diluent gas fed 
t o  the burner tube were adjusted t o  obtain the desired adiabatic 
reaction temperature. 
were calculated with the usual assumptions of chemical equi l ibr ia  
using the thermodynamic properties as tabulated i n  the National 
Bureau of Standards Circular C461.7 The re su l t s  of these calcu- 
la t ions  are presented i n  Table 1. 

Representative mass spectrometer analyses of the gases 
used in  these studies are given i n  Table 2.  

. 
The necessarg quant i t ies  of these gases 

TABLE 2 

ANALYSES OF GASES 

Methane Propane W g e n  . 
02 99.5% 
N2 0 . 4  
co, 0 . 1  

C& 99.4% 
c2Hs 0.6 

CH4 99.2% 
C2Hs 0.4 
C& 0.2 
N2 0.1 J- 

COe 0.1 

Hel ium -__. Nitrogen Argon 

N2 9 9 . s  A 9 9 . 9  He 100% 
A 0 . 1  N2 ~ 0 . 1  
02 o .05 

EXPERIMENTk RESULTS 

The observed values of burning velocity of fuel-lean methane 
flames are presented i n  Figs. 1-3. The di luents  used t o  control ca l -  
culated flame temperatures were nitrogen, argon and helium. The ab- 
scissa  i s  the reciprocal of the more generally used equivalence r a t i o  
since the fuel-lean region i s  of  greatest i n t e r e s t .  

I n  these plots ,  the maxhnum amount of diluent occurs at the 
'stoichiometric point,  and the extreme lean limits represent binary 
mixtures of fue l  and oxygen. The general behavior of these curves i n  
the leaner regions i s  reasonable in that the slopes agree with ex- 
pectations based on the sFmplest consideration of transport phenomena. 
Thus with increasing (Oe/CH4), the transport  coefficients would be ex- 
pected t o  decrease i n  the helinn system, increase i n  the argon system 
and r e m a i n  essent ia l ly  constant i n  the nitrogen system. 

The maximum i n  the 2000OK curve of Fig. 1 i s  based on d i f f -  
erences s l igh t ly  greater than the reproducibil i ty of the data. Con- 
tention that the burning velocity i s  approaching a limiting value 
cannot be rejected on the basis of these data. From the appeasance 
of the curves i n  Flg. 1 it would appear that a t  a lower temperature 
level ,  with .the greaLer range of (02/CH4) to  be encountered, a maxi- 
mum would be accentuated. Attempts t o  achieve this a t  1800~~ f a i l e d  
due t o  formation of cel lular  flames. 



Table 1. -OBSERVED BURNING VELOCITIES AND CuLc7JLATED ' m c T m  
COMPOSITIOWS FOR THE SYSTEMS DWJ3STLGATECD 

KCI?IANE-OXYl3Fl7-i4ITRITROOEN 
2O0O0K 

Burner Dim = 0.375 in. 

02/ml Reactant C s l t i on  5urning 
Stoich. M o l e T  Velocity 
Ratio ai. On Nz Pt/85C - _ _ - - ~  
1.00 7.82 15.63 76.55 

1.50 7.81 23.43 68.76 
2.00 7.87 31.48. 60.65 
2.50 7.91 39.59 52.49 

3.00 7.96 47.75 44.29 
3.50 7.99 55.97 36-04 
4.00 8.09 64.70 27.21 

4.50 8.04 72.32 19.64 

5.25 8.05 84.50 7.45 
5.70 8.05 91.95 '0 

2250% 
Burner Diem - 0.25 in. 

1.00 9.72 19.45 70.83 

1.50 . 9.54 28.63 61.82 

2.00 5 l . g  
2.50 ;:% 2::g 41. 
3.00 9.76 58.57 31.67 

4.00 9.85 78.77 11.38 
4.60 9.81 90.19 0 

3.50 9.81 68.67 21.52 

2500% 
Burner Diam - 0.188 in. 

1.00 12.61 25.22 62.16 
1.50 12.04 S . 1 4  51.82 
2.00 

3.00 12.31 73.88 13.80 

3.58 12.25 87.75 o 

0.65. 
0.74. 
1.03* 
1.00. 
1.10 
1.21 
1.22 
1.17 
1.20 
1.21 
1.21 
1.30 
1.56 

1.36 
1.37 
1.35 
1.39 
1.30 
1.30 
1.21 
1.24 
1.21 
1.28 

;:c 

1.43 
1.49 
2.00 
2.38 
2.64 
2.83 
2.75 
2.95 
2 

2.03 

2 %  

2.50 
3-31 

4.13 
4.31 
4.60 
4.52 
4.56 
4.37 

2 3  

b m r E K i E - o x y o E N - ~  edl METBAHE-mEN-m 
2000011 

Burner Dlam - 0.375 in. 

O./CHo 

R* 
Stolch. 

1.50 

2.00 

2.50 

3.00 

2:::. 

4.50 

5.00 

5.70 

1.00 
1.50 

2.00 

2.50 

3.00 

3.50 

.4.00 

4.60 

Reactant Ccmpositim Burnlng Velocity 

-mL 0. cH4-Og-He CK-OS-A 

5.51 16.52 77.79 1.14* 9-96' 
0.98' 

5.74 22.96 71.30 1.0'7. 1.29' 
1-29, 

Mol9 5 ( ft/sec 1 

5.97 29.84 64.19 2.53 
1-27" 
~ - ~ ,  

6.22 37.34 56.44 2.37 ? .t l.lZ 
6.50 45.48 48.02 2.23 
6.30 54.38 38.83 1.91 1.18 

1.25 
1.17 - .  
1.19 
1.22 7.12 64.03 28.85 1.84 1.26 
1.20 
1.22 
1.23 

1.23 
7.49 74.86 17.65 1.55 1.32 

8.06 91.94 0 1.22 1.26 

2250'K 
Burner Dim - 0.25 in. 

6.92 13.84 79.24 2.50t 1.29 
6.05 20.57 72.58 3.74 

1.51 
'.P 

3 . g  1.91 

2:28 

6-51 59.58 31-91 3-34 2 . 4 ~  2.42 

3.57 1. 7 

7.21 28.85 63.94 3.70 1.92 

7.61 38.04 54.56 3.91 2.11 3. 
3.78 

8.02 48.14 43.83 3.57 
2 2  

3.62 2.40 

2.38 
9.04 72.34 18.62 3.18 2.54 

2.52 
9:81 90.19 0 2.90 2.94 

t Burner mam - 0.375 in. 

2500OK 
Burner Dim - 0.188 in. 

1.00 9.17 18.33 a;:'," 5.m 2.42 
3.09 

6.w 3.13 
1.50 9.07 27.21 

3.50 2.00 9.61 38.45 51.94 
2.50 10.31 51.55 38.14 3-94 
3-00 11.12 66.74 22.14 5.17 3.94 

5.03 3.62 

5.76 

3.75 

Y 
9 

* These values were obtain& frm f l a w 8  showing a large degree of 
Instability an3 are of doubtful validlty. 

. 
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Fig. 2.-BURNING VELOCITSES OF THE P l E % U U E - O Z ~ - ~  SYSTEM 
AIT ATMOSPHERIC PFU3SWF.E AND THEORETICAL M m - S  

OF 2000', 2250' ANB 2500% 



I 

MOL. ,WT RATIO, (CH4-O2-A)/(CH4-O2-He) 
. .  . .  m 

Fig. 4.-COMPAFUSON OF BURNING VELOCITIES OF K F , W - O Z G E N - m I U M  
AND METKANE-OXYGEN-ARWN SYSTEMS AT THE SAME THEORETIC& 

FLAME TEMFERATURE AM3 OXYGEN/FUEL MOLE RATIO 
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DISCUSSION 

To develop a method fo r  the prediction of burning veloci t ies  
based on the properties of the primary gases, i t  is  necessary t o  de- 
termine "effective" v a l u e s  of the flame properties i n  terms of the 
primary gas properties. An obvious i n i t i a l  attempt w a s  t o  correlate  
the effect  of the diluent in terms of i t s  e f f ec t  on the transport  
properties. 
pendent of the diluent,  comparison of the helium and argon systems 
offers  the most d i rec t  l e v e l  t o  the contribution of transport phe- 
nomena. 
puting the transport properties of the mixtures can be used. 
fore,  the reciprocal of the mean molecular weight w a s  used as a 
measure of transport properties. In Fig. 4, where results are com- 
pared at the same temperature and 02/fuel r a t io ,  d i s t i nc t  curves 
f o r  the different  temperature levels appear. Superficially none of 
the properties of the primary gases except those affect ing the 
transport properties d i f f e r  between the two systems being campared 
and one would expect no temperature dependence if this simple 
treatment were correct.  The separation of  these curves m a y  be 
traced t o  the oversimplification i n  the use of density alone, or 
i t  m a y  be at t r ibuted t o  differences in the microscopic descrip- 
t ion of  the flame front .  Since something in the nature of a mean 
or integrated t rmspor t  property is desired, such differences in 
the internal  flame structure may be suff ic ient  t o  prevent the use 
of the simplest expressions f o r  the transport property. However, 
unless the variation of the transport properties through the 
flame is considered, using the greatest r igor  possible, there is  
l i t t l e  just i f icat ion f o r  a more ccnrplex expression. Thus, an em- 
p i r i ca l  expression fo r  prediction of burning velocity appears 
adequate. 

A simple empirical correlation showing the e f fec t  of di- 
luent i s  shown i n  Figs. 5 and 6 where the systems of d i f fe ren t  di- 
luents are compared at the same theoret ical  flame temperature and 
oxygen-fuel r a t io .  The equations represented by the l ines  i n  these 
figures are: 

If it is assumed that the chemlcal processes are inde- 

For this type of  investigation, the simplest method of com- 
There- 

A t  the present time, no theoret ical  explanation i s  offered 
t o  account for  the interdependence of log vb and d i luen t /he l  r a t i o  
a t  constant O2/fuel r a t i o  and temperature. However, since the d i -  
luent content accounts fo r  the major var ia t ion in transport  proper- 
t i e s ,  some form of dependence on the diluent content i s  t o  be ex- 
pected. The par t icu lm form of that dependence, shown in  Figs. 5 
and 6, must be considered as t'ne expression of a mean o r  effect ive 
evaluation of the effect  of transport properties.  Some contribution 
t o  the particular form obtained probably comes from cer ta in  mathe- 
matical relationships among the reactant compositions, resul t ing 
from the temperature calculations. Thus fo r  any given temperature 
level  at a given oxygen-to-fuel r a t io ,  the following approximate re-  
la t ions hold in  the fuel-lean region: 



J '  
I !  

\ ... 

\ 

\ 

h 

- - .. 

0.5 

I 

a0.4 
' L 5  

9 1 

- 
Y 

(3 , 
0 0.3 
A 

I, 

4 0.; 

I - 0.2 
>" 
Y 

, 

~ 
0 

0 2 4 6 8 IO 12 
(He)d(CH4)0 OR (AIo/  (CH4I0 MOLE RATIO 

- -  - -_ 

Fig. 5. -COFEELATION OF BURNING VELOCITlES OF TEIE 
~ ~ - O X Y ~ - ~ I U M  AND PIETRANE-OXYGEM-AN SYSTEMS 
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(He)O/(CH4)0 MOLE RATIO IN CH,-02-He SYSTEM 



-Since Mgz is a function of temperature only, asry empirical expression 
involving MI cannot be distinguished from one involving a linear corn- 
bination of MI and Q2. The proportionali ty between the logarithm Of 
the burning velocity and the diluent/fuel r a t io ,  therefore, can a l s o  
be expressed as one between log V and 
Q,. In  this manner, the propose8 effect ive transport  term can 6e 
converted t o  one involving all components of the reactant mixtUe, 
which might be preferable. However, no par t icu lar  linear c O m b ~ t i O n  
w a s  indicated and, therefore, the simplest expression w a s  used. 

To predict  the dependence of bur- velocity on reactant 
composition, an expression must a l so  be found t o  describe the effect  
of oxygen/fuel r a t i o  shown i n  Fig. 1. In  the nitrogen system, there 
is l i t t l e  change i n  transport properties,  and the system should be 
dependent on ly  on the chemical e f fec ts  of changing reactant composi- 
t ion.  Examination of the curves of FIg. 1 indicates that they lnay be 
superimposed through the use of a proportionali ty constant. That is, 
the functional dependence of burning velocity on the oxygen/fuel 
r a t i o  appears independent of temperature over the range investigated, 
which includes those usually encountered i n  fue l -a i r  flames. Kius, 
an expression f o r  the burning veloci t ies  of the systems investigated 
can be o b t h e d  which consists of only three fac tors .  
perature dependent; one expresses the dependence on the oxggen/r'uel 
ra t io ;  and the last expresses the ef fec t  of transport  properties i n  
terms of the inert di luent .  However, because only two of the three 
factors  are independent, the mathematical expression re la t ing  the 
three factors  must be arbi t rary.  

used t o  describe the burning velocity of the CH4-02-Na system: 

and a 1irtea.r combination of M 

One i s  tern- 

The following expression w i t h  four empirical parameters was 

This equation can be used t o  describe systems of the other diluents,  
by means of Equations 1 and 2 .  To avoid the appearance of the 
C€L concentration i n  the N2 system when applying the general equation 
t o  another diluent,  i t  is necessary t o  introduce the approximate re -  
lationship: 

(cH4)o  = 3.26 x 10~7(Tf -TO)5 /3  ( 7 )  

fo r  the systems containing nitrogen as di luent .  This relationship 
w a s  obtained by f i t t i n g  a curve t o  the reactant methane concentra- 
tion-flame temperature points i n  the theoret ical  flame temperature 
calculations. Combining Equations 1, 2 ,  6,  and 7 y ie lds  an expres- 
sion capable of describing the data of Figs. 1, 2, and 3 .  
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with the values 

He 
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. = 0.0142 
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= 0.0 -t 
a N2 
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6x10 3/hTf] 

Similar i t ies  between the empiricalEquation 8 and one pro- 
posed by Semenova i n  his approximate thermal theory o;fer the pzssi-  
b i l i t y  of viewing the empirical equation i n  terms of  effective 
quantit ies in a manner anala@;ous t o  that used by Semenov. From this 
view, 50.6 Kcal i s  the effect ive activation energy of the overall  
reaction. 
other investigations.  

concentrations, respectively, i n  the reaction zone W c h  permit de- 
scription of the reaction as being a single s tep reaction between 
those components. As presented above, the term exp(9 IMI) repre- 
sents an effect ive transport  term. 

Another interest ing aspect of Equation 8 is  that, on 
extrapolation t o  lower temperatures, i t  predicts the existence of 
flammability limits, i . e .  V 
l i m i t )  and when (CH4), = 0.8634(Oa),(the lower limit). 
i n  order of magnitude with the observed values. 

A more tenuous interpretat ion of the effective okygen and 
fue l  concentration terms i s  that they correspond t o  quant i t i tes  con- 
t ro l l ing  or determining the slow step of the reaction path. 
example , the term ( O2 )o-O .934(CH4 I o  corresponds t o  the remain- 
ing oxygen after the oxidation of the fuel t o  formaldehyde and 
water o r  t he i r  chemical equivalent. 
o f  the effect ive fue l  term was  not obtained. 

This can be2 compmed t o  the value of 51 Kcals used i n  
0.934(C&)o md 

(CH4)o-0.0634(02)o effect ive oxygen and fue l  

= 0, when ( 0 ~ ) ~  = 0.934(CH4)o(the upper 
These agree 

For 

A n  equally simple evaluation 

CONCLUSIONS 

In the use of burning velocity studies t o  add t o  the know- 
ledge of the combustion process, it i s  necessaq t o  how the manner 
i n  which burning velocity depends upon f i e 1  gas composition as a 
f'unction of stoichiometry, transport properties and flame tempera- 
ture.  When a single oxidant, such as air, i s  employed t o  study 
the vmiat ion of burning velocity with fuel- to-air  ra t io ,  flame 
temperature i s  a variable and overshadows al l  other factors.  To 
minimize the e f fec t  of temperature, the concentration of the com- 
ponents of CH4-02-diluent systems were adjusted i n  this investi-  
gation t o  give flames of varying equivalence r a t i o  but constant 
adiabatic reaction of 2000, 2250 and 25000K. To the extent that 
the actual flame temperature can be ident i f ied with these theo- 
r e t i c a l  flame temperatures, the process i s  then being studied 
under the same thermal conditions. 

" \  
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In  the CH4-02-N2 system at the 2000°K temperature level,  the 
burning velocity apparently passes through a naxirnun with increasing 
feed gas oxggen/methane r a t io .  Since the occurrence of this maximum 
is not predicted by the approximate theories of combustion which as- 
sume the rate-determining step t o  be the reaction between 02 and CH4,' 
or that  between the f ree  radicals,  H, OH, and 0, and the fue l , l o  an 
empirical correlation was developed re la t ing  the burning velocity t o  
the composition of the feed gas and the flame temperature. This re -  
lationship describes all  three isotherms and the e f f ec t  of the di- 
1UentS NP, He and A. It contains f ive  experimental parameters, four 
Of which are independent of the inert gas, and indicates,  1) the 
existence of mixtures f o r  which vb = 0, that is, flammability limits, 
which are of the correct order of magnitude, and 2 )  an energy OP 
activation of 50.6 Rcal/moles-OK f o r  the methane flames, which i s  i n  
good agreement with that found by others.' The only tern showing de- 
pendence on the ine r t  gas i s  assumed t o  represent the ef fec t  of v a r i -  
a t ion i n  transport properties. 
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NOMENCLATURE 

mole f ract ion of component i n  burner gas 
mixture. 

( N )  o/(  CH4 ) 

(02) (CH+), f o r  the . lean ,  diluent-free 

Experimental burning velocity ( f t / sec)  of 
ternary system CH4-02-I. 
1.986 cal/mole-OK 
In i t ia l  temperature (3OOOK) 
Calculated adiabatic reaction temperature 
Eaapirically evaluated constant f o r  the 
ternary system CH4-02-I 

m i x  4 ure. 
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